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1. Introduction

To celebrate the 10th anniversary of the journal Inorganics, the “Inorganic Materials”
section launched this Special Issue entitled “10th Anniversary of Inorganics: Inorganic
Materials”, which collected 25 interesting papers (i.e., 20 articles, 1 communication, and
4 reviews), thus becoming the second most valued Special Issue in terms of the number of
published contributions to the journal Inorganics (the first Special Issue in the “Inorganic
Materials” section,). Moreover, despite the fact that the “Inorganic Materials” section in
Inorganics is very recent (i.e., the beginning of 2022), it has rapidly grown, becoming an
important cornerstone of the journal. The reason for this positive result is the continu-
ously growing demand for advanced functional inorganic materials in a large variety of
technological fields and applications.

Furthermore, the recent and numerous public demonstrations in support of climate
and ecological justice, and the energy crisis have revealed the actual importance of techno-
logical sustainability. The “Inorganic Materials” section in Inorganics strongly supports a
transition towards a ‘green” and sustainable future based on renewable energy and with
closed life-cycles for all used materials. The aim of the “Inorganic Materials” section is
to serve as a medium for ground-breaking research that forms the fundamentals for new
technologies still unknown today.

Therefore, this Special Issue is composed of a collection of several contributions
mainly focused on the sustainable production of inorganic materials following alternative
eco-friendly methods, new protocols and strategies for the reuse of materials (saving
minerals and raw materials), the reduction in waste production, and environmental clean-
up approaches.

The final aims of this Special Issue are to increase the knowledge of the latest advances,
highlight challenges, address unresolved issues, and present newly emerging areas of
interest involving the sustainable use of inorganic materials.

Prior to proceeding with the overview of the contributions, the Guest Editors would
like to thank all the reviewers who spent their valuable time thoroughly reviewing and
improving the articles published in this volume. We also sincerely thank all the authors for
choosing “Inorganics Materials” as the section in which to publish their excellent science.

2. An Overview of Published Articles

As expressed above, the scope of this collection covers the entire focus area where
inorganic materials can play a key role in order to reach a sustainable future, and this

Inorganics 2024, 12, 62. https:/ /doi.org/10.3390/inorganics12030062 1
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is exemplified by the various topics covered by the 25 articles published in this Special
Issue. This section provides a brief overview of the contributions, organizing them into
discreet subsections that include: sustainable synthesis, surface modifications, structural
properties and reactivity, environmental remediation and catalysis, energy, composites, and
nanomaterials against COVID-19 (Table 1).

Table 1. Correlation between subsections and contributions collected in the present Special Issue.

Subsections

Contribution No.

Title

Preparation of environmentally friendly BiVO4@SiO, encapsulated yellow

1 pigment with remarkable thermal and chemical stability
5 Microwave-mediated synthesis and characterization of Ca(OH); nanoparticles
destined for geraniol encapsulation
Sustainable synthesis 3 Alternative synthesis of MCM-41 using inexpensive precursors for CO, capture
4 Continuous and intermittent planetary ball milling effects on the alloying of a
bismuth antimony telluride powder mixture
5 Tetragonal nanosized zirconia: hydrothermal synthesis and its performance as a
promising ceramic reinforcement
Modification of graphite/SiO, film electrodes with hybrid organic-inorganic
6 perovskites for the detection of vasoconstrictor Bisartan
Surface modifications 4-butyl-N,N-bis{[2-(2H-tetrazol-5-yl)biphenyl-4-ylJmethyl}imidazolium bromide
- Enhanced thermal stability of sputtered TiN thin films for their applications as
diffusion barriers against copper interconnect
Combination of multiple operando and in-situ characterization techniques in a
8 single cluster system for atomic layer deposition: unraveling the early stages of
growth of ultrathin Al,Oj3 films on metallic Ti substrates
Structural prgperties 9 Gdy03 doped UO;(s) corrosion in the presence of silicate and calcium under
and reactivity alkaline conditions
10 Incorporation of antimony ions in heptaisobutyl polyhedral
oligomeric silsesquioxanes
11 Hydrazine oxidation in aqueous solutions I: NyHg decomposition
1 Photocatalytic degradation of emerging contaminants with N-doped TiO, using
simulated sunlight in real water matrices
Synthesis of polystyrene@TiO, core—shell particles and their photocatalytic
13 .. o
. activity for the decomposition of methylene blue
Environmental
remediation and 14 Method for decontamination of toxic aluminochrome catalyst sludge by reduction
catalysis of hexavalent chromium
15 Hydrogen incorporation in RuyTi;_,O, mixed oxides promotes total oxidation
of propane
16 Superoxide radical formed on the TiO, surface produced from Ti(OiPr)4 exposed
to H,O, /KOH
17 Binder-free CoMn,O4 nanoflower particles/graphene/carbon nanotube
composite film for a high-performance lithium-ion battery
18 Hydrogen storage properties of economical graphene materials modified by
non-precious metal nickel and low-content palladium
Energy
19 Integration of CO; capture and conversion by employing metal oxides as dual
function materials: recent development and future outlook
20 ZnO-doped CaO binary core-shell catalysts for biodiesel production via Mexican

palm oil transesterification
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Table 1. Cont.

Subsections Contribution No. Title
1 Basalt-fiber-reinforced phosphorus building gypsum composite materials
(BRPGCs): an analysis on their working performance and mechanical properties
Composites 2 The mechanical properties of geopolymers from different raw materials and the

effect of recycled gypsum

How to address flame-retardant technology on cotton fabrics by using functional
23 inorganic sol-gel precursors and nanofillers: flammability insights, research
advances, and sustainability challenges

Nanomaterials against
COVID-19

Nanomaterials used in the preparation of personal protective equipment (PPE) in

24 the fight against SARS-CoV-2

Emerging nanomaterials biosensors in breathalyzers for detection of COVID-19:

2 future prospects

2.1. Sustainable Synthesis

The encapsulation of chemicals is an area of research undergoing rapid growth, as it
can be used for improving the efficiency, stability, compatibility, safety, and the delivery
of end products, thus, allowing their use into a multitude of applications [1,2]. Chen
et al. (Contribution 1) reported the encapsulation of BiVOy, a brilliant yellow pigment
characterised by having a poor thermo-chemical stability, in a SiO, matrix with the for-
mation of a core-shell structure following a sol-gel process, evaluating the effects due to
both pre-treatment conditions of the BiVOy dispersion, and the calcination temperature
(350-800 °C) on the phase composition, morphology, and colour-rendering properties. The
resulting encapsulated pigment showed comparable chromatic parameters to pure BiVOy,
coupled with an enhanced thermal stability (up to 700 °C), resistance against acid corrosion,
and good compatibility in PP matrix. Tryfon et al. (Contribution 2) evaluated the possibility
of encapsulating geraniol in hydrophobic Ca(OH); nanoparticles coated with oleylamine
following a one-step microwave-assisted synthesis. The results indicated an efficient en-
capsulation and loading of geraniol, a release rate of geraniol which can be modulated by
varying the pH and temperature, and an antifungal inhibition activity against B. cinerea.

Another interesting field of research related to inorganic materials is the development
of substrates for the capture and storage of CO; [3]. In this context, the use of porous
materials as CO; sorbents is gaining substantial attraction due to many advantages, such as
the low energy requirements for the adsorbent regeneration, high adsorption capacity, and
selectivity for CO,. Among the different systems proposed for this purpose, mesoporous
5i0; has emerged as particularly noteworthy candidate, due to its well-defined pore struc-
tures, high surface area, and chemical surface composition suitable for functionalisation
with reactive species selective for the CO, chemisorption. Aquino et al. (Contribution 3)
reported the synthesis of an MCM-41 SiO, starting from low-cost industrial sources of
silicon and surfactants. Templates were removed by either oxidant thermal treatments
or simple washing steps. Finally, the surface of porous SiO; particles was modified by
grafting with 3-aminopropyltrimethoxysilane to enhance the CO, adsorption capability.
The results indicated that: (i) silanol groups are retained under mild conditions, (ii) all
amino-functionalised materials showed performances as CO, adsorbents comparable to
those reported in the literature, with better performance for materials with higher concen-
tration of silanol groups, and (iii) chemisorbed gas is retained, thus suggesting the potential
of these inorganic materials for the CO; storage.

Samourgkanidis et al. (Contribution 4) investigated the effects of continuous and in-
steps mechanical alloying of a bismuth antimony telluride (Bip 4Sby ¢Tes g) powder mixture
via the mechanical planetary ball milling process as a function of milling time and powder
mixture amount, and the thermoelectric properties of the alloys obtained at optimised
conditions. Because of the mixture’s high agglomeration tendency, the results revealed a
significant difference in the alloying process in terms of milling time and powder mixture
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quantity, varying the ball milling process. Regarding the thermoelectric properties of the
produced powders, the results revealed a very good thermoelectric profile, consistent with
the literature.

ZrO; is one of the most studied and industrially applied metal oxides extensively
exploited mostly in gas sensing and in biomedicine. Most of the properties of ZrO, are
strongly influenced by its crystalline organization and the consequent interphase trans-
formation [4]. In this context, Liu et al. (Contribution 5) reported the synthesis of a pure
tetragonal phase ZrO, using a hydrothermal route in the presence of propanetriol as addi-
tive, finding that an appropriate amount of propanetriol was favourable for the generation
of the pure tetragonal-phase, whereas the increment of the hydrothermal temperature
gradually transformed the monoclinic phase into the tetragonal phase. Interestingly, ultra-
sonication and mechanical stirring influenced the particle size and distribution, whereas
the addition of dispersant effectively alleviated the occurrence of agglomeration phenom-
ena. The resulting nanoparticles were introduced into a 3Y-ZrO, (3:1) matrix to produce
high-performance ZrO, nanopowders with improved flexural strength.

2.2. Surface Modifications

The majority of the electrochemical methods for the modification of electrodes needs
the growth of nanostructured porous materials to enhance and increase the electroactive
surface area and to improve their mechanical strength and chemical stability [5]. In fact, by
using a modifier, it is possible to dramatically improve both the sensitivity and selectivity
of an electrode. Papathanidis et al. (Contribution 6) reported the surface functionalisation
of a graphite paste/SiO, film electrode with a hybrid organic-inorganic perovskite semi-
conductor to fabricate a promising, sensitive sensor for the vasoconstrictor, bisartan BV6
(an angiotensin II receptor blocker). The perovskite-modified film electrode exhibits an
enhanced electrocatalytic activity towards the oxidation of BV6 with a relatively low LOD,
high reproducibility, and stability towards BV6 determination.

Interconnect materials (e.g., Cu) are favourable substrates for integration circuits,
owing to their high resistance to electro-migration and low electrical resistivity. However,
the electrical performance of these circuits is severely damaged /degraded since Cu diffuses
into the Si/SiO, substrates, thus refractory metal nitrides have been used as diffusion
barriers in Cu metallization [6]. Aljaafari et al. (Contribution 7) investigated the deposition
of TiN thin film on Si/SiO, substrates using a direct current sputtering technique and its
application as a diffusion barrier film against Cu interconnect material. The results showed
that TiN film can be successfully used as the diffusion barrier for metallization in Cu up to
a temperature of 700 °C, whereas at higher temperatures, the diffusion of Cu through the
TiN film barrier occurred, with formation of various copper silicide phases.

2.3. Structural Properties and Reactivity

Fundamental research focused on the structure-reactivity relationship in inorganic ma-
terials is a very important activity for favouring the integration of this class of materials into
different technological fields of emerging interest. For instance, Morales et al. (Contribution
8) reported a new ultra-high vacuum cluster tool to perform systematic studies of the early
growth stages of atomic layer-deposited ultrathin Al,O3 films on metallic Ti substrates
following a surface science approach combining both operando and in situ characterisation
techniques. The role of the metallic substrate at both low- and high-temperature conditions
has been discussed, considering the hetero- and homo-deposition growth regimes, thus
favouring the optimisation of the deposition process, and decreasing the amount of wasted
precursor and associated costs. Interestingly, Garcia-Gomez et al. (Contribution 9) inves-
tigated the anodic reactivity of UO, (i.e., radionuclides are usually located within a UO,
matrix) and Gd,O3-doped UO; by electrochemical methods in slightly alkaline conditions
in the presence of both silicate and calcium ions. The results showed that both Gd,O3
doping and the presence of silicate and calcium in solution are factors that decrease the
reactivity of UO,, which is beneficial for the assessment of repository safety of the spent
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nuclear fuel, as an important fraction of the radionuclide release would be inhibited. Lastly,
Marchesi et al. (Contribution 10) reported the direct incorporation of Sb(V) ions into a
polycondensed silsesquioxane (POSS) network based on heptaisobutyl POSS units through
a corner-capping reaction carried out under mild experimental conditions, potentially
exploitable as novel flame-retardant for polymeric composites.

Regarding the reactivity of inorganic compounds, Breza et al. (Contribution 11) in-
vestigated the oxidation mechanism involving a mixture of non-labelled and ®N-labelled
hydrazine in an aqueous solution to N, molecules, identifying the formation of N4yHg inter-
mediate molecules, which decompose following a complex pathway involving different
energetically favoured reactions.

2.4. Environmental Remediation and Catalysis

One of the strategies largely studied and adopted to effectively degrade organic pol-
lutants in contaminated water is the employment of photocatalysts [7]. Gaggero et al.
(Contribution 12) investigated the photodegradation performances of N-doped TiO, photo-
catalysts synthesized through both the sol-gel and hydrothermal methods with enhanced
absorption of visible light for the abatement of some representative emerging contami-
nants (i.e., benzotriazole, bisphenol A, diclofenac, and sulfamethoxazole). Experiments
conducted solely with the visible portion of sunlight exhibited a noticeable advantage in
the use of N-doped materials and a sensitive efficiency of the photocatalysts produced
through the sol-gel method, both in ultrapure and real water matrices.

Another important parameter which can dramatically affect the photocatalytic effi-
ciency of TiO; is the tendency of nanoparticles to agglomerate. To solve this issue, TiO;
particles have been immobilized on polymer substrates, finding a further difficulty in ob-
taining uniformly sized particles due to rapid sol-gel reaction rates of TiO; precursors. In
their study, Toyama et al. (Contribution 13) explored the growth of homogeneous PS@TiO,
core-shell particles following a sol-gel synthesis. The results showed that the PS@TiO,
core-shell particles exhibited superior photo-activity against methylene blue than that of a
comparable commercial reference sample.

Interestingly, Pyagay et al. (Contribution 14) investigated the neutralization of the
harmful effects of aluminochrome catalyst sludge (for the presence of hexavalent chromium),
a waste product from the petrochemical process of dehydrogenation of lower paraffins to
C3-C5 olefins. In the present study, the reduction of hexavalent chromium was carried
out with different reagents: NaySO3, FeSO4, NayS;03, and NayS,0s, finding that sodium
metabisulfite (NayS,0s) is the most preferred reagent working at a neutral pH, precipitating
chromium in the form of hydroxide, thus saving the use of concentrated sulfuric acid and
the additional precipitant reagents more commonly adopted.

Furthermore, Wang et al. (Contribution 15) reported a synthetic approach for the
hydrogenation of mixed RuO,/TiO, metal oxides, varying the oxide compositions. The
effectiveness of the hydrogen insertion in the mixed oxide lattice has been evaluated by
measuring the catalytic activity against the total oxidation of propane, reporting that
after treating metal oxides with hydrogen the highest activity is encountered for com-
positions where both Ru and Ti have similar concentrations, whereas in the absence of
the hydrogen treatment, the higher the Ru concentration the higher the activity. These
results demonstrated that hydrogen insertion affects the electronic structure of the mixed
RuO,/TiO; metal oxides that is expected to be responsible for the improved catalytic
activity. Samoilova et al. (Contribution 16) contributed a study dealing with the formation
of superoxide radicals by treating Ti(OR), alkoxides with H,O, in the presence of KOH.
The use of EPR spectroscopic techniques revealed the stabilization of superoxide radicals
near the potassium ion and its involvement in the formation of a strong hydrogen bond
with the surface.
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2.5. Energy

The considerable progress of human societies since the late part of the 19th century
has strongly depended on fossil fuels, with consequently serious environmental pollution
problems and the persistent risk of energy depletion. To overcome this issue, novel energy
sources and devices for efficient energy storage and conversion are under investigation [8,9].
In their contribution, Tong et al. (Contribution 17) reported on the design of flexible films
made with CoMn,O4 nanoflowers supported on graphene/carbon nanotube 3D networks
by means of a filtration strategy followed by a thermal treatment process. These films
were deposited onto Ni foams without using binders and were successfully tested as
electrodes in Li-batteries. Instead, Chen et al. (Contribution 18) investigated the hydrogen
storage capacities of a Ni/Pd co-modified graphene material obtained via the solvothermal
route, showing an excellent hydrogen storage performance due to the synergistic hydrogen
spill-over effect of the Pd-Ni bimetal.

Tan et al. (Contribution 19) analysed the scientific literature describing the use of
mixed metal oxides as dual function materials able to perform both CO, capture and CO,
conversion. The authors recognised that the effectiveness of CO, capture and conversion
depends on different factors, such as the basicity of the materials, surface area and poros-
ity, crystallite size and dispersion of active sites, reducibility of the active metals, and
availability of oxygen vacancies.

Arenas-Quevedo et al. (Contribution 20) investigated the catalytic production of
biodiesel (i.e., a sustainable fuel) from Mexican palm oil in the presence of methanol using
binary core-shell catalysts made by CaO and ZnO. During the optimisation process, the
authors found that several factors (e.g., surface basicity, ZnO content, phase compositions,
thermal treatment conditions) might influence the quality of the biodiesel produced.

2.6. Composites

Even in the field of composites, inorganic materials can play a crucial role, enhanc-
ing the mechanical properties of the composites or introducing specific properties and
abilities [10,11]. For example, Wu et al. (Contribution 21) reported the preparation of a
phosphorus-building gypsum composite reinforced with basalt fibres, registering a me-
chanical improvement in the composite due to the addition of the basalt fibres. However,
even if the addition of fibres in the matrix promotes the mechanical properties, there is
an adverse effect in terms of working performance (i.e., decrease in fluidity and setting
time), thus, the authors evidenced that there is a trade-off between these two important
aspects that should be considered for choosing the amount and length of the basalt fibres.
Korhonen et al. (Contribution 22) investigated the mechanical response of geopolymers
obtained from different raw materials (thus, with a different composition), evaluating the
effect of the addition of recycled gypsum on these. The results indicated that the chemical
composition of the raw materials had a significant impact on the properties of geopolymers.
Furthermore, recycled gypsum affected the setting time of the geopolymers, depending on
the calcium content, whereas it had no effect on the total shrinkage of the geopolymers.

Trovato et al. (Contribution 23) analysed the scientific literature describing the latest
advances in the use of inorganic fillers and sol-gel-based flame-retardant technologies for
textile treatments, with a clear focus on the cotton matrix. In this review, the enhanced
safety of inorganic functional fillers with respect to their organic counterpart was evidenced,
also providing some perspectives on the use of inorganic flame-retardant solutions coupled
with environmentally suitable molecules, in line with the ‘green chemistry” principles.

2.7. Nanomaterials against COVID-19

The coronavirus (COVID-19) pandemic arrived like a storm in our society, becoming
one of the greatest global crises in recent history, touching many different aspects of our
daily living. Apart from the health risks due to COVID-19 disease, what was really shocking
was the lack of comprehensive strategies, plans, and toolboxes to manage COVID-19 by the
governments of the entire world [12]. To hopefully avoid further serious situations like the
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ones that happened during the last pandemic, everyone has to try to contribute to this issue.
Hence, even the field of inorganic chemistry can positively contribute against the COVID-19
disease, proposing interesting technological solutions involving inorganic materials. This
is, for instance, the case of the review paper written by De Luca et al. (Contribution 24),
where the key role played by nanomaterials to support the fight against COVID-19 was
analysed. In particular, in this work, the authors reported the more representative examples
of available personal protective equipment (e.g., masks and fabrics, sensors) involving the
use of nanomaterials, explaining their mechanisms of action. Additionally, Rajendrasozhan
et al. (Contribution 25), in their review paper, analysed the scientific literature describing
the recent advancements in the potential use of integrating nanomaterial-based biosen-
sors within breathalysers to favour the rapid detection of COVID-19, highlighting their
principles, applications, and implications.

3. Conclusions

With this Special Issue “10th Anniversary of Inorganics” published in “Inorganics
Materials” section, and also published as a book, the Editors hope that the high quality of
the contributions collected here will receive the visibility and attention they deserve. These
would help readers to increase their knowledge in the field of inorganic materials, and be a
new source of inspiration for novel, focused investigations.
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Abstract: The preparation of environmentally friendly inorganic encapsulated pigments with a bright
color and sufficient stability provides an effective strategy for expanding their applications in plastic,
paint, glass, and ceramic decoration. The challenges facing the use of such pigments include the
formation of a dense protective coating with the required endurance, the relatively weak color of
the encapsulated pigments, and the preferable inclusion particle size. Environmentally friendly
BiVOy is regarded as a very promising pigment for multiple coloring applications due to its brilliant
yellow color with high saturation. However, its poor thermal and chemical stability greatly limit the
application of BiVOy. Herein, we report a sol-gel method to synthesize inorganic BiVO,@SiO, yellow
pigment with a core—shell structure. By controlling the synthesis conditions, including the particle size
and dispersion of BiVO, and the calcination temperature, a BiVO,@SiO, encapsulated pigment with
excellent chromatic properties was achieved. The obtained environmentally friendly BiVO4@SiO,
pigment with encapsulation modification has a comparable color-rendering performance to BiVOy,
and it has a high thermal stability at 700 °C, excellent acid resistance, and good compatibility in
plastics. The present research is expected to expand the application of yellow BiVO, pigment in
harsh environments.

Keywords: encapsulated pigment; BiVO4@SiO,; yellow color; thermal stability; resistance to chemical erosion

1. Introduction

Inorganic pigments have been applied in various products such as ceramics, enamels,
paints/coatings, plastics, and glasses due to their high hiding power, weather resistance,
UV stability, and thermal stability [1-7]. Among them, yellow pigments are particularly
interesting because of their great applicability in many industries, such as the building,
automotive, decorative paints, and plastics industries [7-10]. In particular, inorganic yellow
pigments, with their striking color, are in great demand due to their usefulness in many
applications. However, conventional industrial pigments such as chrome yellow (PbCrOy)
and cadmium yellow (CdS;_,Sey) contain toxic elements (Pb, Cr, Cd, Se, etc.), which have
adverse effects on animals, plants, and the environment. Therefore, the development
of novel environmentally friendly yellow pigments is especially important. Bismuth
vanadate (BiVO,), an eco-friendly type of yellow pigment, has attracted much attention
due to its bright color, nontoxicity, and high hiding power [10-14]. This environmentally
friendly inorganic yellow pigment has the potential to replace iron yellow, chrome yellow,
cadmium yellow, nickel titanium yellow, and chromium titanium yellow pigments [7,15].
Simultaneously, because green or yellow is an eye-catching color, greenish-yellow BiVO,
pigments can be used as traffic marks and building coatings, indicating that greenish-
yellow BiVO, pigments seem to be promising candidates in terms of pigment safety and
environmental friendliness [10,14,16].
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Many studies on the doping modification of yellow BiVO, pigment via different
synthesis methods have been carried out to tailor its phase structure, particle size, chromatic
performance, and spectral characteristics [1,11-14,16-21]. For example, Sameera et al.
synthesized V-site Nb-doped BiVOjy via the citrate complexation route [19]. The resulting
pigment exhibits excellent color characteristics that are comparable to those of commercial
BiVO, and has a high NIR reflectivity. Wendusu et al. synthesized Bi-site La-doped BiVO,
via a hydrothermal method [20]. The yellowness of the doped pigments (b* > 80) was
higher than that of a commercially available BiVO, pigment. Ca/Zn codoped BiVO, was
also synthesized via the evaporation-to-dryness method by Toshiyuki et al. [1], and the
most vivid greenish-yellow hue was obtained for BiVO4 with a high yellowness. It can be
concluded from the above-mentioned studies that the doping process is effective in tailoring
the properties of BiVO, pigments, such as the NIR reflectance and color, but it needs to be
emphasized that this has no obvious positive effect on improving the thermal and chemical
stability of BiVO,. Furthermore, most of the doped pigments show a reddish-yellow color
with a depressed b* value instead of the more striking greenish-yellow color for pure BiVOy.
Even when applied in plastic coloring, both pure and doped BiVO, pigments often suffer
from discoloration due to the erosion of the plastic melt above 150 °C.

Interestingly, the formation of a core—shell structure can improve the thermal stability
of these pigments through the modification of the encapsulation with more stable materials,
such as ZrSiOy, SiO,, and Al,O3 [22-25]. For instance, the working temperature of ZrSiOy-
encapsulated carbon black via sol-gel-spraying could be effectively increased to 900 °C [22].
Although ZrSiOy is usually selected as a coating layer to protect the colorant, the synthesis
temperature of the dense ZrSiO4 layer is not less than 950 °C [24]. The too-high temperature
required for the formation of a dense protective coating is extremely unfavorable for BiVO,
due to its poor thermal stability; at these temperatures, the volatilization of V and thus
the alteration of the phase structure and color of the pigment would be unavoidable.
Furthermore, the V ions in BiVO, can react easily with zirconium hydroxide, one of the
precursors for synthesizing ZrSiO4 or ZrO,, which brings about a significant color change
in the pigment [26,27]. Thus, in the present work, SiO, was selected to encapsulate BiVO,
pigments due to the lower temperature to form a dense surface protective coating. The
thermal stability of yellow BiVO, pigments is similar to that of red y-Ce;S3 pigment. Li
and co-workers prepared core-shell y-Ce;S3@SiO; red pigment via the Stober method, and
the thickness of the dense SiO, layer was as thick as 140 nm after multiple coating [25,28].
The oxidization-resistant temperature was enhanced from 300 to 550 °C after coating with a
dense SiO; layer for y-Ce,S; pigments. Similarly, the synthesized a-Fe,O3@SiO, composite
revealed greatly incremented thermal stability, less color variation, and strong acid—alkali
resistance compared with Fe, O3 [29].

In this study, we developed a sol-gel method to construct an environmentally friendly
BiVO,4@SiO; encapsulated pigment. The pretreatment and dispersion of BiVO, powder,
and the effect of calcination temperature on the phase composition, morphology, and
color-rendering properties, were systematically studied to achieve bright-color and high-
thermal-stability yellow BiVO,@SiO, pigment. The spectroscopic properties and resistance
to acidic solution and high-temperature plastic melt for the obtained BiVO,@SiO, pigment
were also investigated. It was found that the encapsulation did not weaken the chromatic
performance of BiVO,, while the thermal and chemical stability could be significantly
enhanced. This present work opens up a vast space for expanding the application of
brilliant yellow BiVOy-based pigments in paints, coatings, plastics, and even ceramic,
enamel, and glass decorations.

2. Results and Discussion
2.1. Pretreatment and Dispersion of BiVOy Pigment

Typically, a suitable particle size is preferred to improve the coating effect of a pigment.
Therefore, a ball-milling process was used to optimize the particle size of the as-received
BiVO, pigment powder. As displayed in Figure 1, the median diameter (Dsp) of BiVO,
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decreased from 0.51 to 0.17 pm as the milling time increased from 0 to 4 h. When a pigment
powder has a larger particle size, its specific surface area is smaller, and the wrapping rate is
lower. In contrast, if the pigment particles are too small, which is equivalent to the particle
size of SiO, synthesized via the sol-gel method, it causes electrostatic repulsion, resulting
in a decrease in the encapsulation rate. In this study, after the milling time was increased
up to 4 h, the particle size did not obviously reduce. As such, the BiVO, ball-milled for 4 h
was selected for the following coating.
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Figure 1. Particle size distributions of BiVOy, (a) as-received or treated with ball milling for (b) 2 h,
(c)3h,or(d)4h.

On the other hand, the dispersion of BiVOy in the reaction system could directly
affect the encapsulation effect. Therefore, we used the dilute HCI and NaOH aqueous
solutions to adjust the pH value of the BiVO, suspension and tested the corresponding
zeta potentials. The isoelectric point of BiVO, particles in an aqueous solution was around
pH = 6.5 (Figure 2). Under acidic conditions, the surface of BiVO, is positive, and the zeta
potential is relatively low (<20 mV), which indicate the poor stability of the particles in
aqueous solutions. Under alkaline conditions, the surface of BiVOy is negative; especially
when the pH value is above 8, the zeta potential is around —40 mV. The much higher zeta
potential under alkaline conditions is beneficial for achieving the stable dispersion of BiVOy,
particles to improve the encapsulation rate. In addition, OH™ nucleophilic catalysis under
alkaline conditions is conducive to the condensation of hydrolytic TEOS, contributing to
a dense SiO; layer [30]. In contrast, H* catalysis under acidic conditions tend to form a
linear connection of SiO, precipitate with many hydroxyl groups on its surface, which can
be easily combined with H,O and other solvents in the system via intermolecular H bonds,
resulting in a loose and porous SiO; layer. In addition, the resistance of BiVO, powder to
alkaline conditions is much better than to acid. Therefore, this work carried out the SiO,
coating process in an alkaline environment (pH =~ 9.5).

12



Inorganics 2024, 12, 17

40f14

20

BiVO,: 3 h ball-milling

L [soelectric point

0 | , I , I . I , 1 , I
2 4 6\ 8 10 12

Zeta potential (mV)

-4() 1 I\Il.\."“‘ T R—

-50
Figure 2. Zeta potentials of BiVO; at different pH values.

2.2. Phase Composition and Morphology of BiVO4@5iO, Pigment

Figure 3a,b present the XRD results of the synthesized BiVO4@SiO, pigments prepared
at different calcination temperatures with a TEOS concentration of 0.5 mol/L. Only the
monoclinic BiVO4 (m-BiVO,, PDF#14-0688) with high crystallinity could be observed for
the samples calcinated at 350-750 °C. It is thought that the synthesized SiO, was in an
amorphous state and could not be detected with XRD. Thus, the process to synthesize SiO,
from TEOS in alkaline solutions had a negligible effect on the phase structure of BiVO;.
As the calcination temperature was further increased to above 800 °C, minor tetragonal
Si0; (t-510,, 20 = 21.94°, PDF#71-0785) was detected (Figure 3b). Meanwhile, an additional
weak diffraction peak at 26 = 18.7° appeared, which could be ascribed to tetragonal BiVOy
(t-BiVOy, PDF#14-0133) [18]. It is proposed that the scheelite m-BiVOy consists of isolated
VOy tetrahedra, which are corner-connected by BiOg dodecahedra. At higher temperatures,
m-BiVOy tends to transform to t-BiVO,4 due to the volatilization of some V ions, resulting
from the defective SiO, coating of the encapsulated pigment calcined at 800 °C, as shown
in the TEM image (Figure 4i). In t-BiVOy, Bi3* cations are located at the centrosymmetric
site of the BiOg polyhedra, whereas m-BiVO, exhibits a distorted BiOg dodecahedron
due to Bi®* off-centering [31]. Table 1 lists the corresponding lattice parameters of the
m-BiVO;, phase for the as-received BiVO,; and BiVO4@SiO; prepared at 800 °C, which
were calculated from the XRD results using MDI jade software (v6.5). It can be seen that
although the monoclinic structure was maintained, tiny lattice distortion occurred after
high-temperature calcination, along with a small increase in the lattice size, probably due
to the loss of trace amounts of V ions. Particularly, a small reduction in the (3 angle was
also observed, indicating the cell symmetry was slightly improved. These results also
suggest that m-BiVO, undergoes a greenish-to-reddish tone transition at high temperatures
due to the generation of cation vacancy defects and thus lattice distortion and/or phase
transition. Figure 3c,d show the SEM morphology of the encapsulated BiVO, pigment.
The SiO,-coated primary particles had a near-spherical or elliptic structure, and a certain
degree of particle agglomeration was unavoidable for the encapsulated pigment due to the
bonding effect of the amorphous SiO,.
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Figure 3. XRD patterns of BiVO;4@SiO; (a,b) calcined at different temperatures for 6 h. (c) SEM
images of BiVO,@SiO, encapsulated pigment calcined at 500 °C and (d) corresponding enlarged
view of the selected area.

b

Figure 4. (a) TEM image and (b—e) corresponding EDS elemental mapping of BiVO4@SiO, with
20 g of TEOS added and calcination at 500 °C. TEM images of BiVO4@SiO, at different calcination
temperatures of (f) 500 °C, (g) 600 °C, (h) 700 °C, and (i) 800 °C.
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Table 1. Lattice parameters of m-BiVO, for the as-received BiVO, and BiVO,4@SiO, prepared at
800 °C.

Lattice Parameter

Sample " o .
a/A b/A /A of° B/° vI°
BiVOy 5.186 11.698 5.101 90.000 90.287 90.000
BiVO,@SiO, 5.192 11.717 5.116 90.000 90.184 90.000

TEM and EDS analyses were further conducted to characterize in detail the morphol-
ogy and size of the BiVO4@S5iO; pigments prepared with a TEOS content of 20 g and
calcined at different temperatures (Figure 4). As shown in Figure 4a—e, a dense and uniform
5i0; layer around the BiVO, particles was successfully achieved, forming a core—shell
structure with a coating thickness of about 60~100 nm. Bi and V were located in the center,
and Si and O were dispersed throughout the coating layer. The inner BiVOy particles of
the encapsulated pigment exhibited a diameter of 100~200 nm when calcined at 500 °C,
as shown in Figure 4f, and their size gradually increased with increasing calcination tem-
perature. In particular, significant grain growth happened as the temperature increased
from 700 to 800 °C (300~400 nm, in Figure 4i). This could mostly be ascribed to the co-
alescence of small BiVOy particles, since their fusing point was close to 800 °C. On the
whole, the agglomerated particle size of the BiVO4@SiO, pigments was 1~2 pm, which
is much smaller than those of the traditional encapsulated ceramic pigments, such as red
or yellow CdS;_,Sex@ZrSiO4 (>10 um) [32]. This ensures the colorimetric properties of
the pigment and its wide applications, especially in inkjet print decoration for ceramics
and glasses. However, when calcined at 800 °C, the SiO; coating surrounding the BiVOy
particles became discontinuous and tended to separate from the particle surface, resulting
in partial exposure of the pigment (Figure 4i). This could be ascribed to the shrinkage of
the coating resulting from the crystallization and structural rearrangement of SiO,, which
is consistent with the XRD results in Figure 3b. The observed phenomenon suggested that
the thickness of the SiO; layer was insufficient to effectively improve the thermal stability
and chromatic performance of BiVO, at temperatures higher than 800 °C. To solve this
problem, it is necessary to increase the coating thickness with a higher TEOS content and
optimize the preparation process in future work.

2.3. Chromatic and Spectroscopic Properties of BiVO4@SiO, Pigments

The CIE-L*a*b* color parameters (L*, a*, b*, C*, h®, AE*) of the BiVO,@5iO; pigments
calcined at different temperatures are listed in Table 2. For comparison, the corresponding
parameters for the as-received BiVO, pigment are also provided. It was found that the
yellowness (b*) and color saturation (C*) of BiVO,@SiO, pigment improved to some extent
when calcined at 500-700 °C. In particular, the encapsulated sample at 600 °C exhibited the
highest b* and C* values, which were comparable to those of Ca/Zn-co-doped BiVO, and
higher than those of most of BiVO, pigments when doped with other transition metals or
rare earth metal ions [1,11,12,20,21]. These obtained results indicate that the introduction
of SiO; (37.5% in mass content) does not affect the chromatic properties of BiVO, pigment.
A similar phenomenon was also found for the synthesis of hybrid SiO, /BiVO, pigments,
with SiO; as the core, by He et al. [33]. The addition of SiO, is expected to decrease the use
cost of yellow pigment greatly since BiVOy is much more costly than SiO,. However, when
the calcination temperature was further increased to 800 °C, the L*, b*, and C* values of the
encapsulated pigment became slightly lower than those of BiVO,. Importantly, as shown
in Table 2, the a* value changed from negative to positive, indicating that BiVO,@SiO,
pigment underwent a transition from a greenish to a reddish-yellow color. Corresponding
to this, the resulting pigment presented a relatively large chromatic aberration (AE* = 8.73)
relative to BiVOy. Generally, a greenish-yellow color is preferable to reddish since the
former looks brighter and more striking. The degradation of the chromatic properties of
BiVO,@SiO, prepared at 800 °C was probably caused by the incomplete encapsulation of
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the 510, coating and thus the generated defects of the cation vacancies and lattice distortion,
and even the formation of a small amount of the t-BiVO, phase, as determined via TEM
observation (Figure 4i) and the XRD results (Figure 3b and Table 1). In this case, the
volatilization of some V ions at high temperatures would be inevitable in consideration
of the poor thermal stability of BiVOy, which led to the formation of lattice defects, the
changes in structure, and thus the spectral characteristics. Despite this, the hue angle (h°)
values for all BiVO4@SiO, encapsulated pigments were around 87, indicating an intense
yellow color.

Table 2. CIE-L*a*b* chromatic parameters of BiVO, and BiVO4@SiO, pigments calcined at
different temperatures.

Calcination Color Parameter

Temperature L* a* b* C* he ©) AE*1
BiVO, 88.94 —-3.93 80.09 80.19 87.19 /
500 °C 90.29 —4.24 80.38 80.49 86.98 2.00
600 °C 88.69 —4.42 83.83 83.95 86.99 3.78
700 °C 88.26 —2.57 81.52 81.56 88.20 2.06
800 °C 87.60 4.63 79.03 79.17 86.65 8.73

1 Chromatic aberration AE* = [(AL)? + (Aa)? + (Ab)2]%3.

To display the colors of all the samples more intuitively, the corresponding chromatic
coordinates of the BiVO4@SiO; pigments are plotted in the L*a*b* color space (Figure 5).
The colors of BiVO4@SiO; calcined at 500 °C, 600 °C, and 700 °C were quite similar. In
addition, the coordinate location of BiVO,@SiO; pigment calcined at 500-700 °C was closer
to the green region than that prepared at 800 °C, which could be ascribed to the decreased
thermal stability resulting from the defective SiO; coating at 800 °C.

0.9

0.8

- ™ - T v
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Figure 5. Chromatic coordinates of BiVO4@SiO, at different calcination temperatures: (a) 500 °C,
(b) 600 °C, (c) 700 °C, and (d) 800 °C.
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To further elucidate the effect of SiO, encapsulation on the color-rendering perfor-
mance of the BiVO, pigment, the UV-Vis diffuse reflectance properties were also investi-
gated, as shown in Figure 6a. The BiVOy4 and BiVO4@SiO; pigments show a very close high
reflectance (>90%) from the yellow to red bands in the wavelength range of 550-780 nm
but a relatively low reflectance from blue to purple light in the wavelength range of
380-490 nm. Furthermore, the reflectance of BiVO4@SiO; in the 380-490 nm wavelength
range is slightly lower than that of BiVOy4, which contributes to a little higher yellowness
(b*) for the former [19]. In addition, the two samples had the same reflectance/absorption
edge of about 500 nm in the green band, since BiVOj is the main color-rendering substance,
and thus they were endowed with a greenish tone (negative a* value). On the whole, the
measured visible spectrum characteristics are consistent with the chromatic performance
shown in Table 2 and Figure 5. The effect of SiO; coating on the NIR reflectance perfor-
mance of the BiVO, pigment was also investigated, with results displayed in Figure 6b.
Only a minor reduction in the NIR reflectance within the 780-2500 nm wavelengths could
be observed when SiO; coating with a high mass percentage of about 37.5% was introduced.
Both samples possessed an overall sunlight NIR reflectance of more than 90%. The retained
high NIR reflectivity of the BiVO4@SiO, encapsulated pigment means that it has good
prospects for being applied as a cold pigment for energy-saving applications such as archi-
tectural coatings, vehicle paints, exterior wall tiles, and other building decoration materials,
since NIR radiation accounts for 52% of the energy from sunlight [14,16,34-36]. Further-
more, the preparation cost of BiVO4@SiO; is much lower than that of BiVO, considering
the ~37.5% SiO, content. Therefore, from the perspectives of colorimetric performance,
thermal stability, near-infrared reflectance, and cost, the obtained BiVO4@SiO, pigment
is an excellent candidate for “cool” roofs and energy-saving coating materials, having
excellent weather resistance and thermal stability.
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Figure 6. (a) UV-Vis and (b) NIR reflectance spectra of BiVO, and BiVO,4@SiO; calcined at 700 °C.

2.4. Evaluation of Thermal and Chemical Stability of BiVO,@S5iO, Pigment

In order to verify the effect of coating modification on the thermal stability of BiVOy,
the 600 °C-encapsulated and as-received BiVO, pigments were heat-treated at 500 and
700 °C for 24 h, respectively, and then their color-rendering performance were evaluated.
The colors of post-test BiVO, and BiVO4@SiO, are shown in Figure 7, and the corresponding
L*, a*, and b* values are listed in Table 3. At 500 °C, BiVO,4 showed a more reddish-yellow
color compared with BiVO,@SiO,. Compared with the as-received BiVO,4 pigment (Table 2),
the brightness (L*) and yellowness (b*) showed no significant change, while the a* value
changed from positive to negative, suggesting that the pigment transformed from greenish
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to reddish-yellow. This clearly shows that even at 500 °C, the BiVO, pigment does not have
a sufficient thermal stability due to the loss of V ions. In sharp contrast, no obvious change
in chromatic performance occurred for the BiVO,@SiO, pigment at 500 °C compared to the
as-prepared counterpart (Table 2). It is noted that even with treatment at 500 °C for 24 h,
BiVO4@SiO; still exhibited color-rendering performance superior to that of uncoated BiVOj.
When treated at 700 °C, the color of BiVO, turned brown due to the greatly increased a*
and decreased b* values. However, the BiVO4@SiO, pigment still possessed a brilliant
yellow color at 700 °C. Compared with the BiVO,4@SiO, pigments, the L* (from 87.72 to
78.48) and b* (from 80.89 to 62.31) values of BiVO, were greatly reduced, while the a* value
(from 2.73 to 11.28) was greatly enhanced. It is worth noting that despite heat treatment
at 700 °C for 24 h, the color-rendering performance of BiVO4@SiO; was still better than
those of some ion-doped BiVOy, such as (BiV);_,(YNb),O4- and (LiLa); ,,M0O4-doped
BiVO, with a yellowness b* of <77 [11,12]. As a result, the temperature resistance of
BiVO4@SiO; pigment is remarkably better than that of BiVO, pigment, and the silica layer
can significantly improve the thermal stability of BiVO,4 pigment.

a b c d

Figure 7. Photographs of BiVOy at (a) 500 °C and (c) 700 °C for 24 h; BiVO,4@SiO, at (b) 500 °C and
(d) 700 °C for 24 h.

Table 3. CIE L*, a*, b* values of BiVO, and BiVO,@SiO, after heat treatment at 500 °C and 700 °C.

Chromatic Parameter

Temperature (°C) Sample
L* a* b* C* h° (°)
BiVO, 88.21 0.21 79.91 79.91 89.85
500 BiVO,@5i0,  89.71 428 82.43 82.54 87.03
BiVO, 78.48 11.28 6231 63.32 79.74
700 BiVO,@Si0,  87.72 273 80.89 80.93 88.07

Generally, BiVOy has a poor resistance to acid corrosion. Thus, to test the effectiveness
of SiO; encapsulation in improving its acid corrosion resistance, SiO,-coated and uncoated
BiVO, pigments were treated with a 5 wt.% HCl solution for different durations. As shown
in Figure 8, the as-received BiVO, dissolved almost completely and lost its yellow color after
placement in the HCl solution for only 1 min, while BiVO,4@SiO, showed no obvious change
after 90 min under the same condition, retaining its vivid yellow color. Further, the UV-Vis
reflectance spectra of the BiVO4@SiO, pigment from before and after the acidic corrosion
test are compared in Figure 9. No obvious change in reflectance spectral characteristics was
found for the two samples. These findings clearly indicate that excellent acid corrosion
resistance was achieved successfully for BiVO4 pigment through the modification with a
silica coating. The obtained result also further suggests that the prepared amorphous SiO,
coating is sufficiently dense to prevent the penetration of acidic solutions. Considering that
BiVOy4 has good alkaline resistance, the prepared BiVO,@SiO, pigment would have good
application prospects in both acidic and alkaline coatings or paints.
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Figure 8. Photographs displaying the acid resistance of the pigments: BiVO, (a) in water and
(b) treated for 1 min in HCI solution; BiVO4@ SiO; (c) in water and (d) treated for 90 min in
HCl solution.
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Figure 9. UV-Vis reflectance spectra of BiVO,@SiO, before and after acidic corrosion test.

The environmentally friendly and nontoxic BiVO, pigment is considered to be one
of the most promising materials in plastic coloring applications [1,13]. However, in prac-
tical applications, it was found that pure BiVO, pigment is vulnerable to the erosion by
some plastic melts, resulting in degraded color-rendering performance. To investigate the
influence of 5iO; encapsulation on the resistance to plastic melt of yellow BiVO, pigment,
the prepared BiVO4@SiO; was well mixed into white polypropylene (PP) in a mass ratio
of 5:1000, and then injection-molded into plastic plates at 240 °C. For comparison, the
BiVOy-colored plastic sample was also prepared under the same conditions. It can be seen
from Figure 10 that the BiVO4@SiO,-colored plastic plate exhibited a bright greenish-yellow
color, while the color of the sample with BiVO,4 was dull and pale yellow. Accordingly,
the former possessed much higher L* and b* values. These results indicate that the SiO,
coating successfully enhanced the erosion resistance of BiVO, pigment to high-temperature
plastic melt, and the obtained BiVO4@SiO, encapsulated pigment had a very strong tinting
strength, even though the actual content of BiVO4 was only 0.32 wt.%. In short, the thermal
and chemical stability, as well as the color performances, of the BiVO, pigment can be
effectively enhanced via SiO; encapsulation modification, which is expected to greatly
promote the application of this pigment in plastics, coatings, or paints, and even ceramics
and glass surface decorations.
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Figure 10. Photographs of PP plastics colored with (a) 0.5% BiVO,@SiO, and (b) 0.5% BiVO, pigment.

3. Experimental Section
3.1. Preparation of Encapsulated Pigments

BiVO4@SiO, pigment was prepared via a sol-gel method (Figure 11). The bismuth
vanadate (BiVO,) pigment with a primary grain size of about 100 nm was synthesized at
350~400 °C and provided by Jiangxi Jinhuan Pigments Co., Ltd., Yichun, China. Before
use, the pigment powder was treated with ball milling to ensure good dispersity. The
reagents of AR-grade tetraethoxysilane (TEOS) and sodium dodecyl benzene sulfonate
(SDBS) were purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. In a
typical synthesis, 10 g of BiVOy, 0.2 g of SDBS, and a certain amount of ethanol were mixed
and ball-milled for 3 h to obtain the pigment suspension. Then, an ethanol solution of 20 g
TEOS was added, and the mixture with a TEOS content of ~0.5 mol/L was mechanically
stirred for 2 h. Subsequently, ammonium hydroxide (NH3-H,O, 28 wt.%, 20 g) was slowly
added and stirred for 10 h. Finally, the mixture was dried at 75 °C for 12 h and then
annealed at a certain temperature (400~850 °C) for 6 h under an air atmosphere to obtain
BiVO,@SiO, pigment.
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Figure 11. Schematic diagram for the synthesis of BiVO4@SiO, pigment via the sol-gel method.

3.2. Materials” Characterization

Particle size distribution of the BiVO, pigment was analyzed with a laser diffraction
particle analyzer (Bettersize2600, Bettersize Instruments, Dandong, China). Zeta potential
measurements at different pH values were conducted using a Nanosizer (Nano ZS90,
Malven, Worcestershire, UK). Phase composition of the encapsulated pigments was rec-
ognized with an X-ray diffractometer (XRD, D8-Advance, Bruker, Mannheim, Germany),
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using Cu Ko radiation (40 kV, 40 mA) at a step width of 0.02° min~!. Field-emission
scanning electron microscopy (FE-SEM, SU-8010, Hitachi, Tokyo, Japan) analysis was
performed to obtain the morphology of pigment powder. Transmission electron microscope
(TEM) and energy-dispersive spectroscopy (EDS) investigations were carried out on a JEOL
JEM-2010 (Tokyo, Japan). Ultraviolet—visible (UV-vis) and near-infrared (NIR) spectra
were obtained with an ultraviolet-visible-near infrared (UV-Vis-NIR) spectrophotometer
(UV-3600, Shimadzu, Kyoto, Japan) using BaSO; as a reference.

3.3. Colorimetric Measurements

The color-rendering performance of the pigment was quantified using the CIE-L*a*b*
chromaticity coordinate value of the International Commission on Illumination, where L*
is the brightness of the color (L* = 0 means black, L* = 100 means white), a* represents
green (—)/red (+) value, and b* represents blue (—)/yellow (+) value. The values of a* and
b* range from —100 to 100. The color density, C* = [(a*)? + (b*)?]'/2, represents the color
saturation. h® (h® = arctan (b*/a*)) is the color angle (for yellow, h® ranges from 70~105°).
The L*a*b* chromaticity parameter and the tristimulus values of X, Y, and Z for the pigment
were determined using a desktop colorimetric spectrophotometer (Ci7600, X-rite, Grand
Rapids, MI, USA).

3.4. Stability Tests

To evaluate the high-temperature stability of BiVO,@SiO, pigment, the pigments
before and after the SiO, encapsulation were incubated at a constant temperature (500 °C,
700 °C) for 24 h, and then the chromaticity properties of the pigments were analyzed. To
test the acid corrosion resistance, the SiO,-coated and as-received BiVO, pigments were
ultrasonically dispersed in a 30 mL of diluted hydrochloric acid solution (5 wt.% HCI),
separately, and the dissolutive state of pigments over time was observed. The stability of
pigments subjected to the erosion of plastic melt was also investigated in order to evaluate
the application feasibility of BiVO,@SiO, pigment in plastic coloring. For this purpose,
the pigment (0.5 wt.%) was mixed with white polypropylene (PP) granules, followed by
shaping into plastic plates via the injection molding technique at 240 °C, and the appearance
of the BiVO,@SiO;-and BiVO4-colored plastics was compared.

4. Conclusions

BiVO4@SiO; encapsulated pigment, with its brilliant yellow color and strong tinting
strength, was developed via the sol-gel method. The prepared BiVO,4@SiO, pigments
were mostly composed of monoclinic BiVO, and amorphous SiO; calcined 350-800 °C. A
core-shell-structured BiVO,@SiO; encapsulated pigment was successfully obtained when
calcined at 500-700 °C, with a dense SiO; coating thickness of 60~100 nm and an inclusion
particle size of 1~2 um. The BiVO4@SiO; encapsulated pigment showed comparable
chromatic parameters to pure BiVO,, and the encapsulation of SiO, coating did not weaken
the color-rendering performance of BiVOj. In particular, chromatic parameters of L* = 88.69,
a* = —4.42, and b* = 83.83 were achieved for BiVO,4@SiO; prepared at 600 °C, which are
superior to those of pure BiVO; in yellowness. The obtained BiVO,@SiO, pigments also
possessed a high NIR reflectivity of more than 90%, though a high content of amorphous
5i0O; phase was introduced.

The thermal stability was effectively increased from <350 °C for BiVO; to at least
700 °C for yellow BiVO4@SiO, pigment. Furthermore, the chemical corrosion resistance
of the BiVO, pigment could be remarkably enhanced by the encapsulation of dense SiO,
coating. The polypropylene plastic colored with only 0.5% BiVO4@SiO, pigment at 240 °C
displayed an obvious brilliant yellow color, indicating the good erosion resistance to plastic
melt and the strong tinting strength of the encapsulated pigment.

In summary, the thermal and chemical stability, as well as the color performance, of
BiVO, pigment can be effectively enhanced via SiO; encapsulation modification. Thus,
this research provides a cost-effective strategy for realizing applications of environmentally

21



Inorganics 2024, 12, 17 13 of 14

friendly BiVO, pigment under high temperatures or corrosive environments, such as in
plastics, energy-saving coatings, or paints, and even in ceramics and glass surface decoration.
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Abstract: Nanotechnology presents promising opportunities for enhancing pest management strate-
gies, particularly in protecting active ingredients to prolong their shelf life and effectiveness. Among
different approaches, the combination of inorganic nanoparticles with active ingredients such as
the main constituents of natural essential oils in one nanoarchitecture is challenging. In this study,
hydrophobic calcium hydroxide nanoparticles coated with oleylamime [Ca(OH),@OAm NPs] were
synthesized using microwave-assisted synthesis. These primary NPs were physicochemically charac-
terized and subsequently utilized to prepare nanocapsules (NCs) either alone (Ca NCs) and/or in
combination with geraniol at different ratios of Ca(OH),@OAm NPs and geraniol, i.e. 1:1 (CaGerl
NCs), 1:2 (CaGer2 NCs), and 1:3 (CaGer3 NCs), respectively. Among the formulations, the CaGer2
NCs demonstrated higher encapsulation efficiency (EE) and loading capacity (LC) of 95% and 20%,
correspondingly. They exhibited a hydrodynamic size of 306 nm, a (-potential of —35 mV, and a
monodisperse distribution. Release kinetics of geraniol from CaGer2 NCs indicated a pH-dependent
slow release over 96 h at both 25 °C and 35 °C. In vitro antifungal assay against B. cinerea revealed a
concentration-dependent activity, and the ECsg values for Ca(OH),@OAm NPs, Ca NCs, and CaGer2
NCs were estimated to be 654 pg/mlL, 395 ug/mL, and 507 pg/mL, respectively. These results
underscore the potential of Ca-based nanoformulations to control plant pathogens, suggesting that
while Ca NCs showcase potent antifungal attributes, the different architectures/structures play a
critical role in the antifungal effectiveness of the nanoformulations that have to be explored further.

Keywords: calcium hydroxide nanoparticles; inorganic nanoparticles; nano-delivery systems; antifungal
efficacy; Botrytis cinerea; pH-responsive delivery

1. Introduction

The European Commission has set plant health very high on the political agenda since
it is fundamental to our well-being and the environment. Plant pests can impact plant
health causing serious economic and environmental effects. Therefore, plant protection
from pests and diseases is of high priority in the European Union (EU). Since the 1940s,
synthetic plant protection chemicals have substantially improved food production [1].
Synthetic fungicides, especially those targeting notorious pathogens like Botrytis cinerea
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(B. cinerea), have been the frontline defense against fungal diseases [2]. However, the
vast majority of these pesticides end up affecting non-target plants while culminating
in significant environmental degradation and elevated health risks [1,3]. The resulting
environmental and health implications highlight an urgent need for alternative, eco-friendly
crop protection strategies.

Nanomaterials, with their versatile applications, offer novel solutions to this alarming
situation [4]. Engineered inorganic nanoparticles (EINPs) provide substantial potential in
plant protection. Their unique physicochemical characteristics facilitate effective fungal
control and improve soil nutrient availability, while under specific nanoarchitectures, they
enable the controlled release of antifungal agents [5,6]. EINPs have been observed to
disrupt fungal cellular structures, inhibiting growth and ensuring the targeted delivery of
antifungal agents [6]. However, with the progress of nanotechnology, advanced inorganic-
based nanostructures have been developed with potential multifunctional properties that
depend on their single counterparts. In that vein, and among different strategies for
alternative plant protection agents, a promising pathway is the up-regulation of EINPs with
natural active ingredients such as essential oils (EOs) or their constituents. Among them,
geraniol, a monoterpene alcohol, is prominent. This highly hydrophobic natural product,
derived from aromatic plants, is prevalent in various EOs. Due to its potent antimicrobial
activity, geraniol has garnered research interest [7,8] and commercial products have already
emerged in the market as plant protection products [9,10]. However, agents like geraniol
are inherently unstable and volatile, which can hinder their efficacy [11]. An innovative
approach within this domain is encapsulating EOs with EINPs. Encapsulation protects
the active components of EOs, ensures their controlled release, and enhances delivery
precision [11,12].

Thus, recent studies emphasize the synergistic potential of inorganic-based nanocap-
sules (NCs) and EOs in fighting plant pathogens. NCs formulated with Zataria multiflora
and zinc oxide nanoparticles (ZnO NPs) demonstrated up to 66.33% increased efficacy
against various Fusarium isolates and A. solani [13,14]. In studies with B. cinerea, pure
geraniol and nanoemulsions containing geraniol showed ECsg values of 235 pug/mL and
105 pg/mlL, respectively [15]. Furthermore, NCs integrating ZnO nanorods and geraniol
effectively controlled B. cinerea without inducing phytotoxic effects in tomato and cucumber
plants [9]. These results underline the significant role of NCs in enhancing essential oil
efficiency against plant diseases.

Calcium (Ca) is an essential secondary nutrient that plays a crucial role in plant vi-
tality [16]. Beyond its direct nutritional aspects, Ca is commonly applied in agriculture
as a fertilizer and soil amendment [17,18]. This dual function of Ca-based compounds
opens avenues for their potential fungicidal use while simultaneously enhancing cell
wall fortification protection [19]. Notably, the European Food Safety Authority (EFSA)
recently approved the use of calcium hydroxide [Ca(OH),] as a fungicide across various
crops [20]. Calcium hydroxide nanoparticles [Ca(OH); NPs] distinguish among the array
of EINPs through their unique physical and chemical attributes, such as biocompatibility,
non-toxicity, synthesis simplicity, and environmental compatibility [21]. The importance
of Ca(OH), NPs has been recognized in the past two decades, particularly in cultural
heritage preservation [21] and dentistry [22]. Calcium-based nanoparticles (Ca-based NPs)
are emerging as antibacterial candidates against a range of human pathogens, both Gram-
negative (e.g., Escherichia coli, Pseudomonas aeruginosa) and Gram-positive (e.g., Bacillus
subtilis, Streptococcus aureus) [23]. In the agricultural field, lime-based materials such as
limestone (CaCO3) and hydrated lime [Ca(OH);] are generally considered benign and bene-
ficial when used to improve the soil pH, while each material exhibits diverse pH values and
demonstrates a variety of functions. Also, Ca-based NPs have shown efficacy as nemati-
cides against Meloidogyne incognita and Meloidogyne javanica as pH adjusters [24]. However,
plant protection utilizing Ca-based nanoparticles (NPs) has received relatively less attention,
despite their potential to be regarded as time-honored agents for phytoprotection.

25



Inorganics 2023, 11, 470

30f15

Based on our previous efforts [9,25], in the present study, different nanoarchitectures
were synthesized, characterized, and in vitro tested against B. cinerea. Initially, a microwave-
assisted synthesis was applied to form relatively small hydrophobic nanoparticles of
calcium hydroxide coated with oleylamine [Ca(OH),@OAm NPs]. These primary NPs
were up-regulated to calcium-based nanocapsules (Ca-based NCs); (i) solely (Ca NCs) and
(ii) in the presence of geraniol at varying ratios (1:1 for CaGer1, 1:2 for CaGer2, and 1:3
for CaGer3 NCs, respectively) in an attempt to optimize the most efficient formulation.
The biodegradable and biocompatible surfactant, sodium dodecyl sulfate (SDS) was used
as an emulsifier in all NCs. Comprehensive physicochemical analysis of both primary
as-synthesized Ca(OH),@OAm NPs and the subsequent Ca-based NCs was undertaken
using a range of techniques. Moreover, the influence of pH and kinetic analysis was
explored for the case of CaGer2 NCs based on different models (first-order, Higuchi, and
Korsmeyer-Peppas) at two different temperatures (25 °C and 35 °C) to assess the stability
and release behavior of geraniol. An in vitro antifungal evaluation against B. cinerea was
followed for the primary NPs and the secondary structures of NCs to test their efficacy
against the well-known phytopathogen.

2. Results and Discussion
2.1. Physicochemical Characterization of Ca(OH),@0OAm NPs

An X-ray diffractogram of the Ca(OH),@OAm NPs is presented in Figure 1, revealing
a hexagonal Ca(OH); in the portlandite phase (JCPDS pdf card #72-0156) [26]. Promi-
nent peaks in the diffraction pattern are evident at angles (26) of 18.2°, 28.9°, and 34.4°,
corresponding to (001), (100), and (011) reflections, respectively. These well-defined and
pronounced diffraction peaks indicate a highly crystalline nature of the material. Utilizing
the Scherrer formula based on the (011) plane, the crystalline size was determined to be
27 nm. This size is notably smaller than that observed for tannic acid-coated and PEGylated
Ca(OH),@PEG NPs, which measured 50 nm and 40 nm, respectively [24,27]. The smaller
crystalline size of the Ca(OH),@OAm NPs could be substantial in applications due to
the increased surface area, enhanced diffusion, improved stability, and greater reactivity
that it can provide. The crystallinity of the Ca(OH),@OAm NPs was established at 81.7%.
Such distinct crystallinity suggests the potential suitability of the current NPs for applica-
tions that demand superior mechanical properties, particularly those requiring increased
strength and density [28].

4000

Ca(OH)2 @OAm NPs

3500 @ Ca(OH), portlandite (#72-0156)
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2500
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Figure 1. X-ray diffraction (XRD) of Ca(OH),@OAm NPs synthesized with the microwave-assisted
process.

Functional groups present in the Ca(OH),@OAm NPs were evaluated with FT-IR
spectroscopy, as depicted in Figure S1. The FT-IR spectrum exhibits prominent bands that
correspond to diverse functional groups in the sample. A prominent and intense peak at
3642 cm ™! signifies the stretching mode of the -OH group, corroborating the presence of
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Ca(OH); [24,29]. The observed peaks at 2922 cem ! and 2853 cm ™! can be assigned to the
asymmetric and symmetric stretching vibrations of CH; groups, respectively, indicative of
the characteristic OAm surfactant [9]. Additionally, the peak at 3347 cm ™! corresponds to
the stretching vibration of N-H bonds, while the peaks at 1608 cm~! and 1452 cm~! are
attributed to NH; bending and C-H bending vibrations, respectively [30,31]. The peak
observed at 430 cm~! corresponds to the characteristic Ca—O stretching vibration band,
confirming the formation of Ca(OH), particles [24,32].

The TEM analysis of Ca(OH);@OAm NPs helped to visualize their morphology.
Figure 2 presents a TEM image of the NPs, showcasing particles with a hexagonal shape
and an edge size in the range of a few hundred nanometers. Despite their thorough
washing, the structures appear to be surrounded by an organic coating on their surface,
which is associated with the use of OAm as a ligand. The observed structures exhibit a
platelet-like morphology. The small thickness is indicated by the light contrast in the TEM
images. OAm as a ligand favored this particle morphology by acting as a growth modifier.
A partial tendency for agglomeration between the distinct nanoplates was noticed for the
depicted Ca(OH),@OAm NPs.

Figure 2. Transmission electron microscope (TEM) image of hexagonal Ca(OH),@OAm NPs at a
scale of 200 nm (inset: scale at 100 nm).

A thermal stability study of Ca(OH),@OAm NPs was performed using TGA over
the temperature range of 25 to 850 °C. An examination of the Ca(OH),@OAm NPs curve
delineates three distinct stages of weight loss, as illustrated in Figure 3. The first weight loss
step, accounting for approximately 8% w/w, occurs up to 120 °C and corresponds to the
evaporation of physically adsorbed water molecules and/or loosely bound hydroxyl groups
from the particle surface [33,34]. A subsequent 8% w/w decrement, materializing near
300 °C, results from the thermal decomposition of the OAm ligand [35]. OAm, commonly
used as a surface-capping agent in metal oxide NP synthesis, decomposes upon heating,
leading to the generation of volatile products such as ammonia, alkenes, and alkanes.
This OAm detachment reflects the interplay of non-covalent interactions (hydrogen bonds
and/or van der Waals forces) onto the particle surface, whereas the attrition at escalated
temperatures signifies the disruption of covalent bonds [36]. The final weight loss step
(15% w/w) takes place around 500 °C and is concurrent with the emergence of calcium
oxide (CaO) within a 400460 °C interval [32], notwithstanding the potential ongoing OAm
ligand decomposition. Additionally, the DTG plot indicates a positive peak, validating the
occurrence of the endothermic reaction in the conversion of Ca(OH), into CaO, which is
concomitant with the removal of water.
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Figure 3. Thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG) of the
Ca(OH),@OAm NPs are presented with blue and red line, respectively.

UV-Vis spectroscopy was used to investigate the optical properties of Ca(OH),@O0Am
NPs. A solution containing dispersed Ca(OH),@OAm NPs in an ethanol/water (1:2)
mixture was utilized to explore their absorption properties within the wavelength range of
210—600 nm. This choice of solvent offered high colloidal ability. The absorption spectrum
(Figure S2A) of the NPs displayed two distinct absorbance bands observed at approximately
234 and 270 nm, corresponding to electronic transitions within the material. Additionally, a
peak at 225 nm was observed, which is attributed to the presence of crystallized OAm. It
is important to note that the cutoff wavelengths for water and ethyl alcohol are 190 and
210 nm, respectively. The absence of a shoulder in the absorption spectra indicates that
the Ca(OH),@OAm NPs possess a direct band gap energy, signifying transitions from
the valence band to the conduction band. Furthermore, the calculated band gap of the
Ca(OH),@0Am NPs, determined from the Tauc plot (Figure S2B), was approximately 4 eV.
This value is lower than the band gap of the naked Ca(OH), NPs with a similar crystallite
size (25 nm) at 5.20 eV, indicating a blue shift, in agreement with previous reports [29,32].
Generally, a larger band gap energy corresponds to higher electrical resistance and lower
optical absorption, whereas a smaller band gap energy indicates an opposite trend.

Investigation into the physical properties of Ca(OH),@OAm NPs focused on deter-
mining the average particle size and (-potential value. The results revealed a mean particle
size of 221 + 0.4 nm (Figure S3A), indicating the size distribution of these NPs. Further-
more, (-potential assessments showed a value of +6.45 £ 0.85 mV (Figure S3B), suggesting
a slight positive charge on the surface of particles. It is pertinent to highlight that ag-
glomeration of NPs might transpire, owing to multiple factors such as weak inter-particle
interactions, electrostatic attraction, and van der Waals forces, potentially culminating in
particle clustering.

2.2. Physicochemical Characterization of Calcium-Based Nanocapsules

The emulsifier SDS was used in all NC formations at critical micelle concentration
(CMC, 19.5 mM). SDS, which is an anionic surfactant commonly used in a variety of
industrial and laboratory applications, plays a pivotal role in NC preparation by stabilizing
emulsions, preventing particle aggregation, and controlling the release of encapsulated
substances [37,38]. The evaluation of NC formulations for the smart delivery of bioactive
agents in various bio-applications relies on parameters such as EE% and LC%. In the current
study, the EE% and LC% of the three Ca-based NCs (CaGerl NCs, CaGer2 NCs, and CaGer3
NCs) exhibited variations. EE% values were 43%, 95%, and 80% for CaGerl NCs, CaGer2
NCs, and CaGer3 NCs, respectively. Conversely, the LC% values were 5%, 20%, and
24% for CaGerl NCs, CaGer2 NCs, and CaGer3 NCs, correspondingly. The successful
encapsulation and higher geraniol content compared with NCs combining ZnO@OAm
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nanorods and geraniol (ZnOGer NCs) with the SDS stabilizer [9] may be attributed to the
hydroxyl donors from Ca(OH), that interact with the geraniol molecule, which contains
a free -OH group [39]. This interaction allows for enhanced loading and encapsulation
efficiency of geraniol in the CaGer NCs.

DLS measurements were conducted to assess the hydrodynamic size and (-potential
of the NCs. The DLS analysis demonstrated that the hydrodynamic sizes of the NCs were
280 £ 2.3 nm (PDI = 0.328), 351 & 1.1 nm (PDI = 0.064), and 306 + 2.3 nm (PDI = 0.161) for
Ca NCs (Figure S4A), CaGerl NCs (Figure 54B), and CaGer2 NCs (Figure S4C), respectively.
The hydrodynamic sizes are close, and size monodispersity is observed except for CaGer3
NCs, which displayed a polydisperse nature characterized by a multiple-size distribution
by intensity, as shown by the presence of three distinct peaks and a relatively higher
PDI rate of 0.423 (Figure S3D). This observation can be attributed to geraniol diffusion
from the core of the NCs. The increase in the molecular weight and volume of geraniol
necessitates the reorientation of polymeric chains, resulting in a less uniform particle size
distribution in the CaGer3 NCs formulation. Regarding the (-potential, all formulations
displayed negative values, with (-potential rates of —35.25 & 0.57 mV for CaGer1 NCs,
—35.40 £ 0.74 mV for CaGer2 NCs, and —41.3 £ 0.52 mV for CaGer3 NCs, respectively.
The physicochemical characteristics of CaGer NCs are summarized in Table 1.

Table 1. Physicochemical characteristics of the calcium-based nanocapsules (Ca-based NCs).

Nano-

Mass Ratio Encapsulation Loading

(-Potential

Formulations NPs/Geraniol Efficacy (%) Capacity (%) DLS (d.nm) PDI (mV)

CaGerl NCs 1:1 43 5 351+ 1.1 0.064 —35.2+£0.57
CaGer2 NCs 1:2 95 20 306 £2.3 0.161 —354+0.74
CaGer3 NCs 1:3 80 24 382 £1.1 0.423 —41.3 £0.52

2.3. pH-Dependent Release Profiles and Kinetic Analysis of CaGer2 Nanocapsules

Plant growth is influenced by various environmental factors, including temperature
and pH conditions, which play a crucial role in plant physiology and agricultural appli-
cations. Generally, pesticides can be degraded in soil, and the rate and type of chemical
degradation are influenced by soil temperature, pH levels, moisture, and the binding of
insecticides to the soil [40]. The pH of the surrounding environment can affect the release
of entrapped ingredients [41] for several reasons: (i) the pH-dependent release behavior
provides valuable insights into the potential of the NCs as pH-responsive delivery sys-
tems, (ii) changes in pH can alter the electrostatic interactions between the components
of the NCs, leading to structural changes or disintegration of the capsules, and (iii) pH
can affect the chemical properties of the environment surrounding the NCs. Additionally,
temperature can modulate the release of geraniol from the NCs, with high temperatures
generally resulting in a higher release rate compared with lower temperatures [9,15]. This
can be attributed to the effects of temperature on the molecular mobility and diffusion
properties of the encapsulated geraniol and the NC system. Higher temperatures increase
the kinetic energy of the molecules, promoting faster diffusion and release of geraniol from
the NCs. Temperature can also affect the solubility of geraniol and the interactions between
geraniol and the NC matrix. Furthermore, it can impact the stability and integrity of the
NCs, as higher temperatures may induce changes in the structure and properties of the
NCs, leading to increased porosity or destabilization.

We investigated the effect of pH (values at 9.2, 7.2, and 5.2) on the release kinetics of
geraniol from CaGer2 NCs at different temperatures of 25 °C and 35 °C due to their higher
colloidal stability, lower hydrodynamic size, and EE% value than CaGerl NCs and CaGer3
NCs. For the release mechanism of geraniol, the release data were fitted to various kinetic
models, and the regression coefficients were analyzed (Tables S1 and S2). The geraniol
release profile of CaGer2 NCs at 25 °C exhibited cumulative release percentages (Q4n,) of
7%, 16%, and 20% for pH values of 9.2, 7.2, and 5.2, respectively (Figure 4A). The first-order
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(C)
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model demonstrated a slow-release trend (Figure 4B) with an R? value of 0.965 at pH
9.2. Interestingly, the burst release rate at pH 7.2 in PBS media (Qgp9, = 36%) was lower
compared with ZnOGer2 NCs [9] and native geraniol (Qupe, = 55%) [15], resulting in an
overall Qggno, of 36% lower than that of ZnO-based NCs. The Higuchi model confirmed
a diffusion mechanism release (Figure 4C), as evidenced by decreasing R? values (0.965,
0.949, and 0.914) and Ky values (6.43, 5.69, and 5.54) as pH decreased from 9.2 to 5.2.
Moreover, the evaluation of the Korsmeyer-Peppas model revealed a normal Fickian
diffusion mechanism for geraniol release from CaGer2 NCs in solutions with pH 7.2 and
5.2 (Figure 4D). However, a non-Fickian mechanism (anomalous diffusion) was observed
at the highest pH (pH = 9.2), characterized by an exponent (1) greater than 0.45, which
exhibited the best fit with the experimental data and system dimension [42].
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Figure 4. The pH-dependent release profiles of CaGer2 NCs were investigated under various pH
conditions (pH = 9.2, 7.2, and 5.2) at a temperature of 25 + 0.5 °C to simulate environmental
conditions. The release profiles of geraniol were analyzed using four kinetic models: zero-order (A),
first-order (B), Higuchi (C), and Korsmeyer-Peppas (D).

Both diffusion processes and macromolecule relaxation influenced the release process,
with solvent diffusion and polymer relaxation transpiring at analogous rates. This trig-
gered /delayed release phenomenon was particularly noticeable under alkaline conditions,
resulting in consecutive release profiles over an extended period. Solvent diffusion pro-
ceeded at a markedly slower pace compared to micellar relaxation (evidenced by swelling
and/or core erosion). The samples displayed an initial burst release followed by a slower
continuous drug release over 96 h, indicating an immediate release trend [43]. Also, the pH
values in the media affected the size distribution of CaGer2 NCs, as presented in Table S3,
with 312 nm (PDI = 0.106) at pH 9.2 and 287 nm (PDI = 0.183) at pH 5.2.

The observed variations in release profiles can be attributed to the architectural dif-
ferences among the nanosystems, as reported in previous studies where NCs with ZnO
nanorods and geraniol [9] and geraniol-loaded nanoparticles prepared with the polymer
Pluronic® F-127 [44] demonstrated sustained release over 24 h.
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The kinetic profiles of geraniol release from CaGer2 NCs at a higher temperature
(85 £ 0.5 °C) revealed cumulative release percentages (Q4n9,) of 24%, 30%, and 22% at pH
values of 9.2, 7.2, and 5.2, respectively (Figure 5A). A noticeable initial burst release of
geraniol from the micelles was observed at pH 5.2 and a temperature of 35 °C. The release
rate of geraniol was slightly slower (Qgp9, = 30%) at neutral pH compared with ZnOGer2
NCs [9]. The observed burst release of geraniol (at pH 5.2 and 35 °C) can lead to several
potential impacts including faster drug delivery. Burst release can result in rapid delivery
of the encapsulated drug/geraniol, which could be beneficial in certain applications where
rapid drug action is required. Using the first-order model for NCs at pH 5.2 (Figure 5B)
revealed a higher R? value (R? = 0.953), suggesting a more robust correlation among the
variables and a superior data fit to the linear model than was observed at other pH levels
(Table S2). Subsequent analysis of geraniol release over time utilized the Higuchi model
(Figure 5C), where elevated Ky values signified a more rapid release rate (Ky = 7.24 at
pH 5.2) compared with other conditions. Therefore, based on the obtained Ky values, it
can be inferred that the release of geraniol from the NCs followed the Higuchi model for
all samples. The Korsmeyer—Peppas model (Figure 5D) revealed a non-Fickian diffusion
release of geraniol from CaGer2 NCs at pH 5.2 (1 > 0.45), while a normal Fickian diffusion
behavior was observed for the other two cases. Non-Fickian diffusion generally involves
a combination of diffusion and other release mechanisms such as swelling, erosion, or
polymer relaxation [45]. Hence, the primary mechanism of release from the micelles is
considered to be drug diffusion. These measurements highlight the influence of pH on the
stability and release behavior of geraniol, providing valuable insights for optimizing the
formulation for effective plant protection.
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Figure 5. The pH-dependent release profiles of CaGer2 NCs were studied under various pH condi-
tions (pH =9.2,7.2,and 5.2) at a temperature of 35 & 0.5 °C to simulate environmental conditions. The
release profiles of geraniol were processed using four kinetic models: zero-order (A), first-order (B),
Higuchi (C), and Korsmeyer-Peppas (D).
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After all, differentiations of the release profile of geraniol from pH and temperature
may be considered as a limitation for further application. However, it is important to note
that when acute treatment is needed, burst release can be potentially beneficial as rapid
depletion of the drug occurs, while sustained release could be favorable in the case of early
stages of affection and/or for preventive purposes.

2.4. In vitro Evaluation of Antifungal Activity of Ca-Based NPs and NCs

A preliminary estimation of the antifungal activity against B. cinerea of the Ca-based
nanoformulations was undertaken. The efficacy of the primary Ca(OH),@OAm NPs and
the Ca-based NCs: Ca NCs and CaGer2 NCs, were evaluated in vitro against B. cinerea by
measuring their respective ECsg values. The determined ECsj values for Ca(OH),@OAm
NPs, Ca NCs, and CaGer2 NCs against this pathogen were 654 pug/mL, 395 ug/mL, and
507 ng/mL, respectively, after 96 h (Table 2). The dose-response curves (Figure S5) and
mycelium growth in Petri discs (Figure 6) for each case are presented. Interestingly, Ca
NCs exhibited higher antifungal efficacy compared with CaGer2 NCs and Ca(OH),@0Am
NPs. Nevertheless, lower ECsj values were found before by us in the case of pure geraniol
and nanoemulsions containing geraniol against B. cinerea [15]. Moreover, NCs composed of
ZnO and geraniol in molar ratios of 1:1 and 1:2 exhibited ECsy values of 176 pg/mL and
150 ug/mL against B. cinerea, respectively [9]. However, a straightforward correlation is not
accurate due to the distinct metal base, indicating also that the derived nanostructures can
exhibit properties not observed for any of the individual components.

(A) 200 pg/mL 400 pg/mL 800 pg/mL

(B) 200 pg/mL 800 pg/mL

(€ 400 pg/mL 800 pg/mL

Figure 6. In vitro evaluation of the antifungal activity of Ca(OH),@OAm NPs (A), Ca NCs (B),
and CaGer2 NCs (C) against B. cinerea was conducted on Petri plates containing PDA media 96 h
after treatment.

Table 2. Half-maximal effective concentration (ECsy values) after the application of the Ca-based
nanoformulations to Botrytis cinerea.

Treatments ECsp Values (ug/mL) + SDV
Ca(OH),@0Am NPs 654 + 0.54
Ca NCs 395+ 0.73
CaGer2 NCs 507 +£0.75
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3. Materials and Methods
3.1. Materials

Chemicals and Reagents. All chemicals and reagents were of analytical grade and
were used without any further purification: calcium chloride (ACS, VWR Chemicals
BDH®, Darmstadt, Germany, M = 110.9 g/mol, CaCl,), oleylamine (Merck, Darmstadt,
Germany, M = 267.493 g/mol, OAm), sodium hydroxide (Merck, M = 39.997 g/mol, NaOH),
sodium dodecyl sulfate (Sigma-Aldrich, Darmstadt, Germany, >99%, M = 288.38 g/mol,
SDS), chloroform (VWR Chemicals BDH®, >99.8%, CHCl3), diethyl ether (Merck, >99%,
M =74.12 g/mol), geraniol (Sigma-Aldrich, 98%, M = 154.25 g/mol, trans-3,7-Dimethyl-2,6-
octadien-1-ol), phosphate-buffered saline (Gibco by Life Technologies, Waltham, MA, USA,
pH 7.2, 10X, PBS), and potato dextrose agar (BD Difco, Franklin Lakes, NJ, USA, PDA).

3.2. Synthesis of Ca(OH),@OAm NPs

A microwave-assisted (MW) route was used for the one-pot synthesis of Ca(OH),@OAm
NPs: 10 mL of a 1.5 M NaOH aqueous solution was added dropwise to 0.8 g of anhydrous
CaCl,, which was then dissolved in 30 mL of OAm under vigorous stirring. This mixture
was stirred continuously at 35 °C for 15 min before being transferred to a Teflon vessel.
The reaction was conducted at 190 °C with a hold time of 30 min and a 15 min ramp time
heating step in a MARS 6-240/50-CEM commercial microwave accelerated reaction system,
operating at a maximum frequency of 2450 MHz and power of 1800 W. After the microwave
treatment, the autoclave was cooled naturally to room temperature. The resulting mixture
was centrifuged at 5000 rpm for 20 min and washed three times with chloroform (CHCl3),
to remove unnecessary impurities and precursors. The reaction yield was calculated to be
76% based on the initial amount of metal precursor used in the synthesis process and the
amount of metal actually incorporated into the NPs.

3.3. Preparation of CaGer Nanocapsules

Calcium@geraniol nanocapsules (CaGer NCs) were synthesized following a previously
established method [9]. The synthesis process involved several steps: first, 10 mg of
hydrophobic Ca(OH),@OAm NPs were dissolved in 2 mL of diethyl ether and sonicated
for 15 min. Subsequently, pure commercial geraniol was dissolved in 1 mL of diethyl ether
and mixed with the NP solution. The resulting mixture was then added to a 30 mL solution
of deionized water (diH,O) containing sodium dodecyl sulfate (SDS) at a critical micelle
concentration (CMC) of 19.5 mM. The emulsion was formed with sonication in a closed vial
under controlled conditions (<30 °C). After five hours, the vial was opened, and the diethyl
ether was slowly evaporated to isolate the respective formulations of NCs: (i) CaGerl NCs
(NPs: geraniol mass ratio of 1:1), (ii) CaGer2 NCs (NPs: geraniol mass ratio of 1:2), and
(iii) CaGer3 NCs (NPs: geraniol mass ratio of 1:3). A similar procedure was used for the
preparation of calcium hydroxide nanocapsules (Ca NCs), except that this was carried out
without adding geraniol. In all procedures, the CMC was maintained at a stable value.

3.4. Characterization Techniques

The crystalline size and structure of Ca(OH),@OAm NPs were determined using
X-ray diffraction (XRD) analysis. XRD pattern was obtained using a two-cycle Rigaku
Ultima+ X-ray diffractometer (Rigaku Corporation, Shibuya-Ku, Tokyo, Japan) with a
Cu-Ka radiation source (1.541 A) operating at 40 kV/30 mA. Estimation of the crystallite
size was conducted using the Scherrer formula [46]. Furthermore, the crystallinity of the
NPs was calculated following the method outlined by Khan et al. (2019) [47]:

e Area of crystalline peaks
Crystallinity (%) = ArJ;a 01; = peakl; )
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Fourier-transform infrared (FT-IR) spectrum of the NPs was performed with a Nico-
let i520 FT-IR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA), featuring a
monolithic diamond attenuated total reflection (ATR) crystal, in the wavenumber range of
4000-450 cm~!. TEM imaging was employed to study the morphology of the NPs using
a JEOL JEM 1200-EX (Tokyo, Japan) microscope operating at an acceleration voltage of
120 kV. Samples were prepared by placing a drop of diluted NP suspension on a carbon-
coated copper grid and air-drying at room temperature. Thermal studies were conducted
using a SETA-RAM SetSys-1200 (KEP Technologies, Caluire, France) instrument. Differen-
tial thermogravimetric (DTG) and thermogravimetric analysis (TGA) measurements were
performed under a nitrogen (N;) atmosphere with a heating rate of 10 °C/min. Optical
property evaluation of the NPs was conducted with a UV-Vis spectrophotometer (V-750,
Jasco, Tokyo, Japan), and the band gap energy was calculated based on Tauc’s formula
ohv = A(hv — Eg)? [48]. Assessments of hydrodynamic size (nm), polydispersity index
(PDI), and C-potential (mV) for the freshly synthesized NCs and NPs were carried out using
dynamic light scattering (DLS) analysis at 25 °C, utilizing a Zetasizer (Nano ZS Malvern
apparatus VASCO Flex™ Particle Size Analyzer NanoQ V2.5.4.0, Malvern, UK).

3.5. Encapsulation Efficiency and Loading Capacity

Encapsulation efficiency (EE, %) and loading capacity (LC, %) for the nanosystems
were calculated to evaluate the compatibility of geraniol with, and the effectiveness of its
integration into, CaGer NCs. Evaluation of the EE and LC of geraniol was conducted based
on the methodology delineated in prior research [9]. These essential parameters indicate
the quantity of geraniol effectively incorporated into the NCs and the overall efficiency of
the encapsulation procedure.

3.6. pH-Dependent Release Profiles of Geraniol

The in vitro release profile of geraniol from CaGer NCs was assessed using a dialysis
membrane (Pur-A-Lyzer Midi 1000) at two different temperatures: (i) 25 £ 0.5 °C and
(ii) 35 £ 0.5 °C. Briefly, 1 mL of the nanoformulation was placed inside a dialysis bag,
which was then immersed in 40 mL of PBS solution with varying pH values (9.2, 7.2,
and 5.2). The entire system was kept at a constant temperature and stirring rate for 96 h.
At predetermined time intervals, 2 mL of the release media was collected and replaced
with an equal volume of fresh PBS. The concentration of released geraniol was measured
using a UV-Vis spectrophotometer. The obtained data were subjected to mathematical
modeling using various models, including zero-order, first-order, Higuchi, and Korsmeyer-
Peppas, to determine the transport mechanism, release type, and kinetics of geraniol
release [49-51]. Each experiment was performed in triplicate (n = 3) to ensure the reliability
and reproducibility of the results.

3.7. Fungal Strain and Growth Conditions

The Botrytis cinerea (B. cinerea) strain B05 used in this study was obtained from the
culture collection of the Plant Pathology Laboratory at the Aristotle University of Thes-
saloniki. The strain was maintained on potato dextrose agar (PDA) plates at 25 °C in a
controlled environment.

3.8. Antifungal Activity Assay

The antifungal activity of Ca(OH),@OAm NPs, Ca NCs, and CaGer2 NCs was eval-
uated by mixing the nanoformulations with PDA media and measuring the impact on
the growth of B. cinerea. To prevent the degradation of the nanoformulations, the media
were maintained at approximately 40 °C during the process. Various concentrations of
Ca(OH),@OAm NPs (100, 200, 400, 600, 800, and 1000 pg/mL) and NCs (20, 80, 200,
400, 600, 800, and 1000 ug/mL) were tested. The inhibitory effect of these concentra-
tions on mycelial growth was then assessed. The half-maximal effective concentration
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(ECsp) value, which is the concentration required to inhibit 50% of mycelial growth, was
determined [52,53].

3.9. Statistical Evaluation

The ECs;) values in the in vitro bioassays were determined according to a non-linear
dose-response curve and ten replicates per sample concentration using Origin Pro 8 (Data
Analysis and Graphing Software 8.0). Data in kinetic release models were calculated based
on the mean of three independent measurements with standard deviations.

4. Conclusions

The development of innovative nanoformulations for the enhanced and targeted
control of phytopathogens is challenging. Advanced, second-generation structures amplify
advantages primarily due to their unique material properties. In the pursuit of sustainable
and eco-friendly solutions for crop protection, Ca(OH),@OAm NPs were synthesized,
which emerged as potent platforms for the encapsulation of geraniol. Remarkably, the
Ca(OH),@O0Am NPs were produced with high yields and crystallinity using a one-step and
reproducible, microwave-assisted synthesis. The primary NPs were advanced to secondary
nanostructures, Ca NPs, CaGerl NCs, CaGer2 NCs, and CaGer3 NCs, using the emulsifier
SDS. Among these, CaGer2 NCs exhibited efficient encapsulation and loading of geraniol,
boasting an encapsulation efficiency (EE) of 95% and a loading capacity (LC) of 20%. The
release profile evaluation of CaGer2 NCs revealed that variations in pH and temperature
influence the release rate of geraniol from the NCs. Antifungal assays against B. cinerea
showed that Ca NCs demonstrated the highest inhibition in the fungal growth, with an
ECs¢ value of 395 ug/mL. Encapsulated Ca(OH),@OAm NPs demonstrated enhanced
efficacy against B. cinerea compared with individual NPs. Nonetheless, the newly developed
CaGer2 NCs did not exhibit synergistic effects. Further studies are required to test these
nanoformulations on a broader spectrum of microorganisms and their potential impact on
non-target organisms in order to be deployed for in planta applications.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/inorganics11120470/s1, Figure S1: FT-IR spectrum of Ca(OH),@0Am
NPs; Figure S2: Absorption spectra as a function of wavelength (210-600 nm) (A) and Tauc plots of
(whv)? vs. hv with linear relationship (B) for Ca(OH),@OAm NPs in ethanol/water solution; Figure S3:
Hydrodynamic diameter distribution measured with DLS and {-potential for Ca(OH),@OAm NPs
suspension; Figure S4: Hydrodynamic diameter distribution was measured with DLS for the super-
natant of CaGer1 NCs (A), CaGer2 NCs (B), and CaGer3 NCs (C) at 25 °C; Table S1: The values (RZ,
Ky, n) for the pH-dependent release profiles of CaGer2 NCs are determined using mathematical
models: zero-order, first-order, Higuchi, and Korsmeyer-Peppas. The measurements were performed
under 25 °C and different pH values (9.2, 7.2, and 5.2) in triplicate; Table S2: The values (R%, Ky, n) for
the pH-dependent release profiles of CaGer2 NCs are derived using mathematical models: zero-order,
first-order, Higuchi, and Korsmeyer—Peppas. The measurements were performed under 35 °C and
different pH values (9.2, 7.2, and 5.2) in triplicate; Table S3: Dynamic light scattering analysis and
(-potential values of CaGer2 NCs at pH 5.2 and 9.2; Figure S5: Dose-response growth inhibition
curves of B. cinerea in response to varying concentrations of Ca(OH),@OAm nanoparticles (A), Ca
nanocapsules (B), and CaGer2 nanocapsules (C). Each data point represents the mean of ten replicates
per nanoformulation concentration (2 experiments, 5 replications) 96 h after application.
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Abstract: We explore the use of industrial sources of silicon and surfactant for obtaining low-cost
MCM-41 materials and evaluate their performances as CO, adsorbents. All of them presented a high
specific surface area with different structural characteristics and textural properties. Interestingly,
the MCM-41 manufactured with the most economical reagents presented a Spgr of 1602 mz-g’l.
The template was removed by using thermal treatments in an air atmosphere or a washing process.
Preservation of silanol groups proved to be more effective under washing or mild thermal treatment
conditions with the advantage of their lower cost and environmental benefit. Surface reactivity
against CO, was enhanced by anchoring APTS to silanol groups through wet grafting. All amino-
functionalized materials showed a performance as CO, adsorbents comparable to those reported in
the literature, reaching values close to 30 cm3- g_1 at 25 °C and 760 mmHg. Samples with a higher
concentration of silanol groups showed better performance. Our studies indicate that adsorbed
CO; is retained at least up to 50 °C, and the CO, is chemisorbed on the silica modified with amine
groups. The chemisorbed gas at very low pressures points to the potential use of these materials for
CO; storage.

Keywords: MCM-41; industrial reactants; silanol group preservation; CO, capture

1. Introduction

The ongoing challenge of global warming is a pressing environmental issue of sig-
nificant concern. In response to the need to reduce CO; emissions, the development of
carbon capture and storage (CCS) technologies has emerged as a promising alternative [1].
CCS includes diverse methodologies such as absorption, adsorption, membrane-based
systems, and cryogenic separation [2]. In this context, the application of porous materials
as adsorbents is gaining substantial attraction due to its advantages, including low energy
requirements for adsorbent regeneration, high adsorption capacity, and selectivity for CO,.

Numerous adsorbents have been proposed and developed, such as activated
carbon [3], zeolites [4], mesoporous silicas [5], lamellar double hydroxides [6], metal—-
organic frameworks [7], graphene oxide [8], and magnesium oxide-based adsorbents [9].
Among these materials, mesoporous silicas have emerged as particularly noteworthy can-
didates, due to their well-defined pore structures, high surface areas, and chemical surface
compositions, suitable for functionalization with reactive species for CO, chemisorption. In
particular, amine-modified MCM-41 is effective in capturing CO,, with reported sorption
capacities between 0.87 and 2.41 mmol/g under different adsorption conditions [10-18].

Inorganics 2023, 11, 480. https:/ /doi.org/10.3390/inorganics11120480 39

https://www.mdpi.com/journal/inorganics



Inorganics 2023, 11, 480

20f12

Nowadays, a persistent challenge involves improving the efficiency of existing adsor-
bents while reducing production costs. Achieving this balance is critical for the widespread
use of CO, adsorption technologies at an industrial scale. In this regard, considerable atten-
tion has been given to template agent removal procedures. Thermal treatments are proven
to be both fast and effective in removing surfactants, as reported in most of the current liter-
ature that analyses MCM-41 silicas as CO, adsorbents [10-13]. However, they also produce
the condensation of silanol groups into siloxane bonds when applied at temperatures above
270 °C with a detrimental effect on the functionalization capability of the material [19].
Moreover, the combustion of the organic template also leads to CO, emission, which is
contrary to the potential application of these adsorbent materials [19]. An alternative
consists of the use of washing methodologies for template removal. Conversely, employing
solvents may offer the advantage of retaining these essential groups and avoiding CO,
emissions. On the other hand, inefficient extraction might lead to incomplete template
removal, resulting in materials with diminished surface areas and restricted accessibility
to the silanol groups. In addition, it is necessary to consider the environmental impact of
chemical solvents employed in the washing procedure.

Once the porosity of the MCM-41 silicas has been released, surface modification
becomes necessary to enhance their efficacy as carbon dioxide adsorbents. Among the
different molecules used for this purpose, amines stand out, given their highly selective
CO, uptake [20]. The 3-aminopropyltrimethoxysilane (APTS) is broadly used, due to its
low cost and relatively small size, for its incorporation into the MCM-41 through two
methodologies: dry grafting [10,12,14-16] and wet grafting [11,13]. It has been proven
that wet conditions promote materials with higher CO, adsorption capacities. This was
attributed to the role of water in the generation of silanol groups on the silica surface during
the grafting process, which serve as new active sites for the anchoring of 3-aminopropyl
groups [17].

In this work, the use of low-cost industrial sources of silicon and surfactants for
the synthesis of MCM-41 mesoporous silica was explored. An alkaline silicate solution
was used as a source of silicon, and the template consisted of a hydroalcoholic solution
of CTAC that is currently used as a wetting agent in the plastic and textile industry.
Different methodologies for template removal were applied to maximize surface areas
while safeguarding the surface-bound silanol groups, minimizing energy consumption, and
using environmentally friendly reagents. The materials were surface modified by grafting
with APTS to enhance CO; adsorption properties, and their retentions were evaluated as
functions of temperature by in situ Fourier transform infrared spectra (FTIR).

2. Experimental Procedure
2.1. Materials

The reactants used in this study were tetraethyl orthosilicate (TEOS 98%, Aldrich, St.
Louis, MO, USA), industrial sodium silicate solution (ISS, 27.35 wt% SiO, and 8.30 wt% Na,O,
Mejorsil, Quilmes, Argentina), hexadecyltrimethylammonium bromide (CTAB 96%, Sigma-
Aldrich, St. Louis, MO, USA), industrial N-hexadecyltrimethylammonium chloride (CTAC,
48-50 wt% CTAC, 30-35 wt% EtOH, and less than 1 wt% N,N-dimethylhexadecylamine
(DMHA), Meranol, Avellaneda, Argentina), sulfuric acid (HySO4, 98%, Anedra, Los Troncos
del Talar, Argentina), ammonia (25%, Merck, Darmstadt, Germany), absolute ethyl alcohol
(99.5%, Soria Analytical, Buenos Aires, Argentina), and 3-aminopropyltrimethoxysilane
(97%, Sigma-Aldrich).

2.2. Synthesis and Functionalization

Different sources of silicon and structure-directing agents were explored. The samples
were identified considering the silicon source, surfactant, and the thermal treatment used
to remove the template.

The MCM-41 synthesized from ISS and CTAB or CTAC industrial solution was ob-
tained following the methodology proposed by Edler [21]. In a typical preparation, CTAB
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or CTAC was dissolved in deionized water under stirring at 30 °C until a clear solution
was obtained. Then, ISS was added dropwise to the mixture under vigorous stirring. After
15 min under stirring, the pH was adjusted using a solution of H;SO4 (10 wt%). The compo-
sition of the obtained gel was 1 SiO5: 0.29 NayO: 0.25-0.26 CTAB or CTAC: <0.006 DMHA:
1.09-1.27 EtOH: 155.47-156.12 H,O. The mixture was then transferred to a Teflon-lined
stainless-steel autoclave and kept in an oven at 100 °C for 4 h. After that, the solid was
filtered, washed with deionized water, and dried at 100 °C for 24 h. The samples were
called S-B and S-C, respectively.

A reference sample was prepared by using TEOS and CTAB [22]. The molar com-
position was 1 TEOS: 0.3 CTAB: 11 NH,OH: 58 EtOH: 144 H,O. The medium synthesis
temperature was 30 °C. The complete dissolution of CTAB was ensure, and, subsequently,
the silicon source was added dropwise under stirring at 30 °C for 2 h. The material was
recovered by filtration and washed with ethanol and then with distilled water. Finally,
excess moisture was removed by drying it at 100 °C for 24 h. The sample was called T-B.

The surfactant was removed using different thermal treatments in air: A long treat-
ment (LT, 540 °C for 10 h, heating rate 1 °C/min) or a short treatment (ST, 510 °C for
2h, 5 °C/min). Samples were called S-B-LT, S-B-ST, S-C-LT, S-C-ST, T-B-LT, and T-B-ST,
respectively.

To avoid the condensation of silanol groups induced by thermal treatments [23], a
washing process with ethanol (i.e., solvent extraction) under acidic conditions at 70 °C for
40 min was used to remove the template [24]. This procedure was repeated 4 times, mixing
the sample previously extracted with a fresh solvent solution. Finally, the solid was dried
at 100 °C for 24 h. The samples were identified by the -W suffix.

Once the surfactant was removed, the materials were functionalized with APTS by the
grafting method reported in reference [13]. The MCM-41 was added to anhydrous ethanol
under stirring for 10 min. Then, distilled water was added under continuous stirring for
30 min. The APTS was added dropwise at 70 °C. The mixture was stirred and refluxed for
10 h. The APTS-modified material was obtained after washing with anhydrous ethanol and
drying at 80 °C for 12 h. Samples were called S-B-ST-g, T-B-ST-g, S-C-ST-g, and S-C-W-g.

Figure 1 illustrates the different synthesis routes followed in this work.

MCM-41 synthesis Amine modification
.
Sample Samples lgMcm-41 | =
T-B 5-B&S-C +100 ml EtOH 4
CTAB B CTAB/CTAC +1miH,0  |-==
+H,0 = +H,0 =
+ EtOH [ =

+NH, ’

I

L -t

[ Stirring and Reflux, 10 h J

[ stirring, 2 h ] [ Hydrothermal step ] [ Filtration + Washing ]
L y J [ Drying ]
¥
[ Filtration + Washing + Drying ] [ MCM-41 (-g) ]
I |
. 1

[ Calcination {I.T]] [Calcination [ST}] [ Washing (W) ]

Figure 1. Synthesis and functionalization scheme.

2.3. Characterization

The small angle X-ray diffraction patterns (SAXS) were obtained using XENOCS
(Santa Barbara, CA, USA) XEUSS 1.0 equipment with a Pilatus 100K detector with Cu Ko
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radiation (A = 1.5405 A). Scanning electron microscopy (SEM) images were acquired on
an FEI (Hillsboro, OH, USA) Inspect S50 microscope operated at 2 kV. The samples were
sputtered with a thin film of gold. Transmission electron microscopy (TEM) was performed
using a FEI (Hillsboro, OH, USA) Tecnai F20 G2 microscope operated at 200 kV. FTIR
spectra were obtained in a Thermo Fisher Scientific (Buenos Aires, Argentina) FTIR Nicolet
iS5 spectrophotometer with an iD5 ATR accessory.

The N, adsorption—-desorption isotherms at 77 K were measured on Micromeritics
(Buenos Aires, Argentina) ASAP 2020 apparatus. Prior to the analysis, the samples were
degassed at 100 °C for 12 h under a vacuum of 10~2 mmHg. The specific surface area
was obtained from the gas adsorption isotherms by applying the Brunauer-Emmett-Teller
theory (Sger) and non-local density functional theory (Spgr). The total pore volume (Vp)
was estimated using the Gurvich rule at a relative pressure of 0.953 [25]. The pore size
distribution (PSD) analysis was performed using the NLDFT model applied to cylindrical
pores and an oxide surface.

2.4. CO, Adsorption Testing

The CO; adsorption/desorption isotherms were measured in Quantachrome (Boynton
Beach, USA) Autosorb iQ) model automatic sorption equipment with its control and data
analysis software (ASiQwin 6.0). The samples were introduced into a 12 mm diameter
quartz cell provided for the chemisorption mode. The isotherms were fitted using the
Langmuir isotherm to determine the moles of CO; sorbed in a monolayer covering the
surface. CO; isotherms were obtained at 25 °C in the pressure range from 10 to 800 Torr.

Diffuse reflectance infrared spectroscopy (DRIFTS) measurements were performed on
a Thermo Fisher Scientific (Buenos Aires, Argentina) Nicolet 6700 with a low-temperature
high sensitivity Thermo Fischer MCT-A detector. This equipment was assembled with a
sealed cell that allowed the treatment of samples with gases at a controlled temperature.
Spectra were taken after dosing 5 Torr of CO; and then in vacuum at different temperatures
up to 100 °C.

3. Results and Discussion

The SAXS diffraction patterns shown in Figure 2 are consistent with the expected 2D
hexagonal structure (plane group pém) and are indexed accordingly. The samples synthe-
sized with ISS exhibited a higher degree of order. Among them, the one obtained using
CTAC presented broadened reflections. It can be observed that a longer thermal treatment
at higher temperature (LT) produced a slight decrease in the interpore distance from 4.64
to 4.57 nm for the S samples and from 4.02 to 3.83 nm for the T samples. The number
of observed reflections indicated high-quality samples in the bulk analysis, confirming a
well-ordered hexagonal structure.

The SEM images (Figure 3) showed morphological differences depending on the silicon
source. Samples made using TEOS had a spherical shape, whereas those synthesized with
sodium silicate presented a more irregular geometry and a smaller particle size.

In Figure 4, representative TEM images of each sample are shown. Different morpholo-
gies are observed. Samples obtained using ISS tend to present porous structures organized
at different spatial scales. S-C samples presented particles with a bowl shape and shorter
mesochannels compared to samples S-B. Mesochannels in S-C materials are oriented more
randomly than those in S-B samples due to their lengths. Samples T-B have a spherical
shape with a broad particle size distribution and radial mesochannels.
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Figure 2. SAXS of MCM-41 samples.

Figure 4. TEM images at different magnifications of samples S-C-ST (al,a2), S-B-ST (b1,b2), and
T-B-ST (c1,¢2).
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Absorbance (a. u.)

Before textural analysis, the surfactant elimination was verified by FTIR. Spectra of
the S-C sample before and after removal treatments are shown in Figure 5 (left). Similar
results were obtained for S-B and T-B samples.

Absorbance (a. u.)

4000 3500 3000

2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm") Wavelength (cm'1)

Figure 5. FTIR spectra of S-C samples: (Left) (a) as-made, (b) S-C-W, (c) S-C-ST, and (d) S-C-LT;
(Right) (a) S-C-W-g, (b) S-C-ST-g, and (c) S-C-LT-g. Bands attributed to surfactant (red lines), silanol
groups (blue line), aminopropyl groups (green lines), and Si-O modes (black lines) are indicated.

The spectra of as-made samples showed bands attributed to the surfactant at 2854 cm 1,
2925 cm ™!, and 1480 cm ! [26,27]. These bands are assigned to C-H asymmetric stretching
of alkyl chains of CTA cation and symmetric and asymmetric stretching C-H scissoring
vibration of the CH3-N* group. The absence of these bands after treatments indicated
the removal of the template. Other bands observed between 1224 cm ™! and 795 cm ™! are
assigned to different Si-O modes [28,29]. The preservation of silanol groups was confirmed
by the band at 964 cm ! (blue line), which corresponds to the stretching vibrations of the
surface Si-O- groups [28,30-32]. Bands observed at 1625 cm~! and 3400 cm ! are assigned
to OH bending vibrations and -OH units of adsorbed water and silanol groups [28].

From the point of view of preservation of silanol groups, solvent extraction and
ST treatment seem to be more efficient than the longer one. The incorporation of APTS
molecules was confirmed (Figure 5, right) by the appearance of the bands at 2925 cm ! and
2854 cm~! (C-H bonds) and 1642 cm ™! (N-H deformation in RNH3*) [33].

An indication of the high reactivity of the functionalized material against CO, ad-
sorption was evidenced by the presence of the band around 1555 cm ™! (C=O stretch),
which is attributed to carbamate formed by the exposure to air [33-35]. The symmetric and
asymmetric stretching modes of CO, ™~ could be seen around 2349 cm 1, 1386 cm !, and
1430 cm 1 [20,36].

Nitrogen adsorption and desorption isotherms and the PSD for the synthesized ma-
terials subjected to ST treatment and for their functionalized counterparts are shown in
Figure 6. The main textural parameters obtained from different methods are compiled in
Table 1, with the sample S-C-ST showing the best textural properties.

Nitrogen isotherms from S-C-ST and S-B-ST can be classified as type IV according to
the IUPAC classification, which is characteristic of mesoporous materials. When examining
the curves, two different hysteresis loops can be seen. The first one corresponds to H1 type
and appears at a relative pressure of around 0.35. This can be attributed to a narrow pore
size distribution of the open-ended tubular pores from MCM-41 material framework [25].
The second one extends over the relative pressure range of 0.46-0.95. This hysteresis
loop can be associated with the existence of the porosity observed at a bigger scale, as
revealed in the TEM images. On the other hand, T-B-ST exhibits a type I-like isotherm, as
reported elsewhere [37,38]. Samples S-C-ST and S-B-ST presented a narrow PSD with a
pore diameter of about 4 nm.
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Figure 6. N, adsorption (solid symbols) and desorption (open symbols) isotherms of as-made (left)
and amine-modified (right) MCM-41.

Table 1. Textural parameters for MCM-41 materials obtained from N, adsorption isotherms.

SBET Sprr Vp Dp NLDFT
Sample (m?/g) (m?/g) (em3/g) (nm)
S-C-W 760 608 0.68 3.95
S-C-LT 992 818 0.86 3.95
S-C-ST 1602 1356 1.45 4.10
S-C-ST-g 398 295 0.26 2.24-3.45
S-B-ST 812 673 0.73 3.95
S-B-ST-g 196 152 0.18 2.50-3.60
T-B-ST 1200 886 0.66 2.24-3.10
T-B-ST-g 138 121 0.083 1.77-2.67

After amine modification, the textural parameters decreased significantly. Samples
synthesized using ISS (S-C-ST g and S-B-5T-g) presented isotherms similar to type I, pre-
serving the H4 hysteresis loop. This might suggest a reduction in the MCM-41 channel
diameter. The second loop seems to be preserved. However, T-B-ST-f exhibited a full type I
isotherm commonly attributed to microporous materials, after amine modification, which
agrees with the shift of PSD to lower values. In addition, amine-modified samples did
not display fully reversible isotherms over the complete relative pressure range. A similar
behavior occurs in activated carbons with the only presence of micropores, where the solid
wall potential has a great influence on physical adsorption [39].

Estimating the surface area of adsorbents with mesopores in the range of 20 to 40 A,
such as MCM-41 and MCM-48, using the BET approach can pose challenges. In this case,
pore filling takes place at pressures very near the range where the formation of monolayer-
multilayer structures on the pore walls occurs. This phenomenon is a consequence of the
growing potential of pore walls during the condensation process [40]. The presence of these
multilayer structures leads to a significant overestimation of the monolayer capacity when
conducting BET analysis. As a response to this challenge, we chose to present the surface
area reported by the NLDFT model. These models account for the increasing potential of
the walls concerning nitrogen adsorption as pore size decreases, thereby yielding more
dependable and accurate surface area results.

3.1. CO, Adsorption Performance

The CO; sorption isotherms are shown in Figure 7. In the upper left panel, the
results for different sources of silicon and surfactant for ST samples are compared. The
isotherms are similar to those of type I of the IUPAC classification [41], in which the
sorption of CO, on the surface can be described without the formation of a multilayer
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for the pressure range up to 800 mmHg. They can be fitted by the Langmuir isotherm,
indicating monolayer adsorption. The physisorption isotherms are nearly identical to the
sorption ones, suggesting that the adsorption is almost completely of a physical nature.
However, all samples exhibited nonreversible isotherms, which might indicate some degree
of CO, chemisorption. The samples functionalized significantly increased the sorption
of CO; [42]. The adsorbed volumes are comparable to those found in the literature (see
Table 2). All modified samples exhibited similar adsorption curves, with S-C-ST g material
demonstrating a slightly better performance at higher pressures. This might be due to its
superior textural properties.
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Figure 7. CO, total sorption isotherms at 25 °C of as-made and amine-modified MCM-41 (upper
panels). Sorption isotherms of three consecutive cycles and adsorption/desorption isotherms at
different temperatures for S-C-ST g sample (lower panels).

Table 2 summarizes the results for our materials and similar ones reported in the literature.
When available, it can be seen that there is a great variation in the conditions of the studies
and the preparation of reported samples. Our studies presented a slightly better performance
than those carried out at similar conditions of pressure and temperature [10,12,14,15]. Other
studies performed under dynamic conditions led to higher adsorption values [11,13]. In all
cases, textural properties decreased after amine modification.
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Table 2. CO, adsorption for amine-modified samples and results available in the literature.
. Amine-Modified .
Material Material CO, Adsorption Reference
SBET SBET CO, CO,
Si Source (m?/g)/lVp  Modification (m?/g)/Vp  Temp. (°C) Pressure Adsorbed
(cm3/g) (cm3/g) (mmHg) (mmol/g)
MCM-41 ISS 760/0.68 APTS, WG -/-- 25 760 1.29 S-C-W-g
MCM-41 ISS 992/0.86 APTS, WG -/~ 25 760 1.09 S-C-LT-g
MCM-41 ISS 1602/1.45  APTS, WG 398/0.26 25 760 1.28 S-C-ST-g
MCM-41 ISS 812/0.73 APTS, WG 196/0.18 25 760 1.22 S-B-ST-g
MCM-41 TEOS 1200/0.66  APTS, WG 138/0.08 25 760 1.24 T-B-ST-g
MCM-41 - 997/0.90 APTS, WG 958/0.51 70 114 1.88 [13]
MCM-41 TEOS 1059/0.68 APTS, DG 198/0.13 Room tem 750 1.15 [10]
SBA-15 TEOS 548/0.95 APTS, DG 304/0.55 p: 750 0.93
MCM-41 TEOS 894/1.28 APTS, DG 544/0.74 45 750 0.87 [14]
MCM-41 TEOS 992/0.69 APTS, WG 736/0.37 25 750 241 [11]
20 750 1.07
MCM-41 1031/0.90 APTS, DG 17/0.04 30 750 0.96 [12]
MCM-41 TEOS 1045/2.59 APTS, DG -/-- 30 750 1.20 [15]
Sodium
MCM-41 silicate 864/0.62 APTS, DG 207/0.13 30 3.8 0.39
[16]
Merck
SBA-15 TEOS 782/0.73 APTS, DG 280/0.29 60 114 1.06
TRI-s, DG 177/0.49 1.30
SBA-15 TEOS 766/132 RIS, WG 112/031 ”s 60 1.66 -
Bimodal TEOS 612/1.59 TRI-s, DG 203/0.96 1.73
silica ’ TRI-s, WG 71/0.56 1.96
Hierarchically
Ordered TEOS 1045/058  APTS,DG  781/045 0 750 1.98 [18]
Porous
Silica
APTS: aminopropyltrimethoxysilane or aminopropyltriethoxysilane; TRI-s: N1-(3-

Trimethoxysilylpropyl)diethylenetriamine; WG: Wet grafting; DG: Dry grafting; ‘--": No data available.

In the upper right panel, the effects of the method used to remove the surfactant on
the CO; sorption isotherms are compared. The long treatment has a deleterious effect on
the CO, adsorption performance. This might be attributed to a diminished concentration
of silanol groups on the surface. Interestingly, the S-C-W g sample has a very similar
performance to the S-C-ST-g, with considerable economic and environmental benefits. The
better performance of -ST and -W samples can be rationalized based on the stronger Si-OH
signal observed in FTIR and the employed wet grafting methodology, which induced
the formation of new silanol groups helping to create new active sites for aminopropyl
anchoring [17].

Figure 7 (left lower panel) shows the sorption isotherms of three consecutive cycles
for the S-C-ST g sample. The adsorption and desorption are comparable. A progressive
small difference in chemisorption with cycles is observed, which would reflect a greater
number of adsorption sites. This result may be attributed to the progressive removal of
surface residue from the surface occupied by active sites for adsorption, added to the fact
that the binding of the amine responsible for this chemical adsorption is strongly anchored
to the surface of the MCM-41, which is consistent with the existing literature [43].

Upon exposing the sample S-C-ST g to adsorption at different temperatures (Figure 7,
right lower panel), it is observed that the combined adsorption decreases slightly between
25 and 50 °C, whereas the chemisorption increases fivefold. As the adsorption temperature
is raised to 60 °C, the combined adsorption decreases remarkably, and chemical adsorption
is reduced almost to zero. The adsorption energy decreases with increasing temperature;
however, it appears that there is a competition between this physical phenomenon and the
phenomenon of chemical adsorption, the latter being favored in the range of 25-50 °C.
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3.2. FTIR with In Situ CO, Adsorption

FTIR measurements were carried out to assess CO, retention at different temperatures,
Figure 8. The amine-modified samples (S-C-ST-g, S-B-ST-g, and T-B-ST-g) were exposed to
a controlled atmosphere of CO, (Figure 8 left), and then the spectra were acquired under
vacuum at different temperatures. The spectra corresponding to 50 °C and 100 °C are
shown in Figure 8 (right).
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Figure 8. (Left) FTIR spectra at 5 Torr of CO,; (Right) Spectra acquired at 50 °C (black) and
100 °C (red).

In all cases, the band attributed to the CO, gas phase at 2345 cm~! [36] is ob-
served under the 5 Torr of CO, atmosphere. Additional bands are visible in the range
1700-1400 cm ! [20,34,35,44], which could be assigned to the species formed from CO,
chemisorption on -NH, groups. Bands at 1500 cm~! and 1625 cm ™! are associated with
-NH;3* deformation [35]. In the as-made samples, we did not observe bands in this range.
It can be concluded that there is no CO, chemisorption on the MCM-41 surface with-
out aminopropyl groups. It is corroborated that CO; is retained at least up to 50 °C, in
agreement with adsorption measurements.

In summary, the response of the functionalized materials shows sensitivity to CO,
adsorption at very low pressures. This adsorption is retained after high vacuum evacuation
at 25 °C. Furthermore, upon heating the sample to 100 °C, the bands corresponding to
chemisorbed CO, disappear.

4. Conclusions

In this work, inexpensive MCM-41 materials were synthesized successfully using
different sources of silicon and surfactants of industrial origin. Surface reactivity was
preserved by using gentle methods of template removal, which are environmentally sus-
tainable and implies reducing costs. All of them presented a high specific surface area,
but the structural features depended on the reactant nature. Amine-modified materials
presented a CO, adsorbent capacity comparable with other systems previously reported.
The retention of chemisorbed gas at least up to 50 °C at very low pressures suggests the
potential of these materials for CO, storage. These results combined whit the simplicity of
fabrication of the porous materials for the CO, sorption constitute a low-cost alternative.
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Abstract: This study investigates the effects of continuous and in-steps mechanical alloying of a
bismuth antimony telluride powder mixture (Big 4Sb1 ¢Te3 ) via the mechanical planetary ball milling
(PBM) process as a function of milling time and powder mixture amount. X-ray diffraction (XRD)
and scanning electron microscopy (SEM) were used to characterize the phase, composition, and
morphology of the alloy. The alloyed powder with the optimum PBM conditions was then hot
pressed (HP), and its thermoelectric properties were further investigated. The results on the alloying
of the powder mixture showed that due to the high agglomeration tendency of BST during the PBM
process, a significant deviation occurs in the development of a single-phase state over time when the
powder mixture is milled continuously and in-steps. In-steps’ refers to the procedure of interrupting
the PBM process and detaching the agglomerated powder adhering to the inner walls of the vessel.
This task was repeated every hour and a half of the PBM process for a total of 12 h, and the results
were compared with those of the 12 h continuous PBM process of the same mixture. In addition, the
procedure was repeated with different amounts of mixture (100 g and 150 g) to determine the most
efficient method of producing the material as a function of time. As for the thermoelectric profile of
the powder, the data showed results in direct agreement with those in the literature.

Keywords: mechanical alloying; planetary ball milling; bismuth antimony telluride; thermoelectric
materials

1. Introduction

Over the last two decades, there has been an increasing trend in the study and devel-
opment of thermoelectric (TE) alloys from submicron- and nano-powders, necessitating
the incorporation of mechanical alloying (MA) processes in the field of TE materials. How-
ever, the race to create fine and ultra-fine TE material powders using MA started a little
earlier [1-4]. In general, the MA process is based on the repetitive process of cold welding
and fracturing of powder particles with the rotational kinetic energy of the grinding balls
[5]. It is a high-energy process capable of producing alloys that would be impossible to
create otherwise, with a typical example being the aluminum-tantalum alloy (Al-Ta), for
which the melting method for the alloy’s formation becomes restrictive due to the large
difference in the melting points of its individual elements (Aluminum at 933 K, Tantalum
at 3293 K) [6].

One of the most commonly used MA methods is that of the planetary ball milling
(PBM) process [7-11], and it has significant advantages over other conventional methods
(mixer mills, stirred mills, etc.). It is effective for wet and dry grinding processes due
to the high mechanical stresses reached during the operation, and submicron and nano-
sized particles can be achieved with the proper milling balls and milling conditions. The
operating principle of this method is based on the rotation of the grinding containers around
the common axis of rotation of the main disk (also known as the sun-disk), as well as the
vertical axis of rotation of the containers themselves. In this manner, the kinetic energy of
the grinding containers, due to rotation and self-rotation, is greatly increased, resulting in
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high impact energies of the milling balls inside, which in turn crash any powder particles
trapped on their surface in between collisions [12-15]. The PBM process is most effective
when the milling conditions, such as rotational speed, milling time, ball-to-material ratio,
number, size, and material of the grinding balls, are first evaluated [16,17]. In particular,
the material of the milling balls should be chosen based on the reactions that occur during
the milling process in order to avoid any side effects that could contaminate or change the
structure of the grinding mixture. The materials from which grinding balls are usually
made of are tungsten carbide (WC), corundum (AlO3), stainless steel (SS), zirconia (ZrO,),
and agate (S5iO,) [18-22].

As previously stated, the introduction of MA in the world of TE materials accelerated
the development of new thermoelectric alloys with higher efficiencies and wider tempera-
ture ranges [23,24]. The current state of TE materials shows conversion efficiencies ranging
from 5% to 20%, a percentage range that can be improved further using suitable methods of
alloying, doping, and nanostructuring. The efficiency of a TE material is projected through
the dimensionless thermoelectric figure of merit, ZT, which is directly related to the physi-
cal properties of the material and is calculated from the relationship ZT = S? x ¢/x, where
S is the Seebeck coefficient, o the electrical conductivity, and x the thermal conductivity.
In the case of an ideal TE material (high Seebeck coefficient and electrical conductivity,
low thermal conductivity), the ZT value should be greater than one in order for it to have
an efficiency greater than 10% [25-29]. One of the the most widely studied and commer-
cialized TE alloys are those of bismuth telluride due to their excellent performance in the
temperature range [250 K400 K] [30-37]. These alloys are easily prepared as fine powders
by MA, and their thermoelectric properties are acquired through mechanical and thermal
treatments [38,39].

The current study looks into the manufacturing process of a specific bismuth telluride
TE alloy, that of Biy 45Sby ¢Tes, in two distinct but related ways. This particular p-type alloy
possess superior TE performance around room temperature [37], making it a frequently
researched and used bismuth telluride alloy. Although the methods used are presented
only for the production of the specific material, they can be applied to the general group of
TE materials that tend to agglomerate during the alloying process using the MA methods.
From an innovation standpoint, this work demonstrates manufacturing techniques that can
process materials faster and more efficiently, using less time and energy while producing
larger quantities. For example, with the ongoing research in additive manufacturing and
3D printing of TE materials [40-42], the need for cost-effective and efficient methods to
produce TE powder materials in large quantities becomes critical.

2. Experimental Procedures

As starting materials, elemental powders of Bi (99.99% metal basis, —200 mesh), Sb
(99.5% metal basis, —200 mesh), and Te (99.5% metal basis, —200 mesh) were used and
weighed according to the desired stoichiometry. To avoid oxidation phenomena and
to protect the user against the toxicity of the materials, the whole procedure (weighing
process, powder loading, and unloading) was carried out in a glovebox containing argon.
The powder mixture with the correct composition was then loaded into a 250 mL tungsten
carbide (WC) vial along with 110 WC milling balls with a diameter of d = 10 mm and milled
in an argon atmosphere using the FRITSCH planetary mono mill Pulverisette 6 classic
line. All experiments were performed under the same PBM conditions: milling speed at
400 rpm, 10 min of milling time per repetition, and 5 min of pause time per repetition. The
reverse mode was always ON during the milling process, as it favors the alloying process
of dry materials and improves the homogeneity of the mixture. As the PBM process in this
study was performed for two different amounts of material mixture, the ball-to-material
ratio varied in each test. In particular, the ratio was 8.6:1 for the 100 g of powder mixture
(BST-100) and 5.7:1 for the 150 g of powder mixture (BST-150).

The X-ray diffraction patterns of the powder were acquired using a Rigaku MiniFlex
diffractometer, and the structural and phase characteristics were analyzed using the X-Pert
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highscore plus software program. All X-ray diffraction graphs were taken in the angular
range of 10-60 degrees, angular step of 0.02 degree, and scan speed of 1 degree per minute.
The acceleration voltage was set to 30 kV and the beam current to 15 mA, resulting in
Cu-Ka radiation (k = 1.5406 A). The chemical composition (EDX) and morphology (SEM) of
the powder was examined with the use of TESCAN VEGA-II Model LSH scanning electron
microscopy, and the EDX analysis was carried out under identical conditions (magnification,
live time, dead time, takeoff angle, etc.) for different regions of the powder sample.

To investigate the thermoelectric properties of the alloy powder under optimal milling
time and amount conditions, a small portion of it was HP inside a cylindrical graphite
matrix, using a Thermal Technology Graphite Hot Press (Model HP20-4560), to form a
10 mm diameter and 2.5 mm thick disk pellet. The HP conditions were optimal and were
based on our previous work [34]. Specifically, the alloy powder was HP for 1 h at the
temperature of 420 °C under a mechanical press of 80 MPa (pressure equivalent to 640 kg).
The temperature ramp rate was set to 10 °C/min, and the pressing ramp rate was set
to 16 kg/min. The average density of the HP sample was pgyp1. = 6.022 g/ cm® when
measured using the Archimedes method in ethanol, which is greater than 90% of the bulk
material (0p,x = 6.564 g/cm> as measured experimentally). The thermoelectric evaluation
of the HP sample was performed in the temperature range [300 K-500 K] using a Netzsch
LFA 457 laser flash apparatus (thermal properties) and a ZEM-3 series ULVAC-Riko system
(electrical properties).

3. Results and Discussion

Figure 1 shows the X-ray diffraction patterns versus time of the BST-150 powder
mixture PBMed in-steps. The time step here was 1.5 h, for a total of 12 h, and in between
steps, the milling container was removed from the milling machine and placed inside an
argon-filled glovebox, where the agglomerated powder was extracted, milled with agate
mortar, sieved, and then added back to the PBM process (Figure 2). The agate mortar
grinding and sieving sub-process was repeated until no powder was left on the sieving
basket and all agglomerated powder particles were thoroughly ground. The vertical axis of
the intensities is linearly scaled. The alloying process of the elements is clearly visible from
the behavior of the BST’s base peak (015) (shown in the JCPDS plot). As the milling time
increases, the multi-phase material degrades into a single-phase material.

Figure 1. X-ray diffraction patterns of the BST-150 mixture versus time for each step of the PBM process.

(ajb) (c)

Figure 2. Agglomerated powder (a) before and (b) after agate grinding and sieving; (c) milling
process diagram for the two distinct methods.

The red dashed line represents the tellurium (Te) powder characteristic peak (Figure 3),
which was observed to have the lowest damping rate during the milling steps, indicating
tellurium’s difficulty in participating in the alloying process. This can be attributed to
the higher diffusion rate that tellurium has compared to the other two elements within
the agglomerated powder as a result of its entrapment there, without participating in the
alloying process at the same rate. At this point, it should be noted that the mechanical
ball milling method alloys two or more materials during the collision of the milling balls
with each other or with the walls of the milling container. The kinetic energy of the balls is
converted into heat at the point of impact, instantly welding together the powder particles
present. Thus, in cases where the grinding powder has a tendency to agglomerate on
the base of the milling container, it traps a large percentage of the individual chemical
elements, which can no longer participate in the alloying process because they never come
into contact with the milling balls.
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Figure 3 presents the X-ray diffraction pattern of the BST-150 powder mixture PBMed
for 24 h in-steps, as well as the X-ray diffraction patterns of its individual elemental powders
and the JCPDS diagram. According to the 24 h X-ray diffraction pattern, the characteristic
tellurium peak appears to have completely faded, compared to the 12 h plot (Figure 1), and
is now at the noise level. This signifies that the concentration of the elemental tellurium
in the mixture has decreased significantly, with the majority of it now alloyed with the
other elements.

Figure 4 shows the X-ray diffraction pattern of the BST-150 powder mixture for the two
different PBM methods, continuous and in-steps, and clearly demonstrates the entrapment
mechanism of the individual chemical elements in the agglomerated powder described
above. The upper X-ray diffraction pattern shows the PBM process with steps for a total
milling time of 3 h; the middle shows the continuous PBM process for a total milling time of
12 h; and the bottom shows the PBM process with steps for a total milling time of 12 h. The
main characteristic peak (015) of the BST in the first two plots indicates that the mixture is
still elemental and multiphase, and by comparing them, it is possible to conclude that after
3 h of continuous PBM, the mixture inside the vial has already agglomerated, significantly
reducing the alloying process. Furthermore, when comparing the 12 h plots, it is clear
that the alloying process is much more effective when the milling process is carried out
in-steps. However, as previously discussed, the single-phase state for the BST-150 mixture
occurs after 24 h of the PBM process in-steps because the characteristic of the tellurium
peak (shown with the dashed line) fades completely at that point.

Figure 3. X-ray diffraction pattern of the BST-150 mixture milled in-steps for 24 h, along with the
corresponding JCPDS diagram. For comparison, X-ray diffraction patterns of the individual elemental
powders are also shown.

Figure 4. Comparison X-ray diffraction patterns for the BST-150 powder.

The procedures for the BST-100 powder mixture were the same as those for the BST-150.
The X-ray diffraction patterns versus time of the BST-100 powder mixture PBMed in-steps
and the X-ray diffraction pattern of the same mixture PBMed for 12 h in-steps, along with
the X-ray diffraction patterns of its individual elemental powders and the JCPDS diagram,
are shown in Figures 5 and 6, respectively. For convenience, the X-ray diffraction patterns
in Figure 6 are presented every 3 h. The alloying process is faster in the case of the BST-100
powder mixture because of the larger ball-to-material ratio. In particular, when comparing
the 3 h of PBM for the BST-150 and BST-100 powder mixtures, the main characteristic peak
of the BST appears to have reconstructed to a smooth peak for the latter. Additionally,
in the case of the 12 h PBM, the characteristic peak of the tellurium powder has faded
completely for the BST-100 powder mixture, compared to the BST-150 where the same peak
fades within 24 h of PBM. Based on these comparison results, it is feasible to conclude that
reducing the powder mixture quantity by 50% (and thus increasing the ball-to-material
ratio) reduces the optimum milling time for the alloying process by a factor of two.

Figure 5. X-ray diffraction patterns of the BST-100 powder mixture versus time for each step of the
PBM process.

Figure 6. X-ray diffraction pattern of the BST-100 powder milled in-steps for 12 h, along with the
corresponding JCPDS diagram. For comparison, X-ray diffraction patterns of the individual elemental
powders are also shown.
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Shown in Figure 7 is the X-ray diffraction patterns of the BST-100 powder mixture
for the two different PBM processes. The upper X-ray diffraction pattern shows the PBM
process with steps for a total milling time of 3 h, the middle shows the continuous PBM
process for a total milling time of 12 h, and the bottom shows the PBM process with steps
for a total milling time of 12 h. When the bottom graph is compared to the middle one, it is
clear that the multiphase state is still strongly present in the mixture and comparable to the
first graph. This can also be seen in the shape of the BST’s base characteristic peak (015) in
the middle graph, which is depicted with a red circle in both the graph and the inset, as an
extra peak coming up on the side of the main peak.

Figure 7. Comparison of X-ray diffraction patterns for the BST-100 powder.

The chemical composition and powder morphology of the produced BST powder
with the optimum PBM conditions were determined using the SEM/EDS characterization
method. Figure 8 presents the results of the SEM/EDS analysis for the BST-100 powder
mixture, which was also the same for the BST-150 powder mixture. In terms of powder
morphology, Figure 8a shows the image from the secondary electron detector (SE), where
the majority of the particles appear to be smaller than 5 um in size and have an irregular
shape and geometry. Figure 8b shows the image from the back-scattered electron detector
(BSE). The contrast of the image is uniformly spread here, implying no secondary phases in
the powder mixture and agreeing with the X-ray diffraction results presented above. Finally,
the chemical composition of the produced alloy can be seen qualitatively and quantitatively
from the energy-dispersive X-ray spectroscopy (EDS) analysis shown in Figure 8c. All three
elements are clearly present in the alloy, with their radiated energies and percent atomic
values listed in the inset. It should be noted at this point that this analysis was performed
on a large agglomerated particle of the alloy in order to avoid radiation from the carbon
tape substrate on which the powder was placed.

(afb)(c)

Figure 8. Scanning electron microscopy images: (a) SE detector, (b) BSE detector, (c) EDS spectrum.

As previously stated in Section 2, a small portion of the produced BST powder was
hot pressed under optimal pressing and temperature conditions, yielding a cylindrical disk
pellet with a thickness of th = 2.5 mm and a diameter of d = 10 mm, the thermoelectric
properties of which are shown in Figure 9 along with the results of the studies [36,37]. All
measurements and calculations were performed in the temperature range of [300 K-500 K].
Starting with the property of thermal conductivity x, as shown in Figure 9a, its values
vary within the range of [0.7-1.1] Wm 1K1 and have an overall minimum value of
Kmin = 0.73 Wm™1K~! in the temperature range of [325 K-350 K], which is the lowest
when compared to the other two studies. Similarly, the Seebeck coefficient S (Figure 9b)
exhibits an overall maximum over the same temperature range, with its maximum value
at Syax = 260 uV K1, followed by a steady rapid decline. In comparison to the other two
studies, the Seebeck coefficient in this work is higher within the temperature range of
[300 K-375 K]. The electrical conductivity o, on the other hand (Figure 9¢c), has an overall
minimum of 0,7, = 2.52 x 10* S/m in the temperature range of [450 K—475 K], which results
from a steep decline and is the lowest value when compared to the other two studies. The
power factor of the sample is calculated by combining the values of the Seebeck coefficient
and electrical conductivity using the equation PF = S?¢, and as shown by the curve in
Figure 9d, there is a constant drop as a function of temperature with no maxima or minima,
which is consistent with the other two studies. Finally, the figure of merit ZT is shown in
Figure 9e and was calculated using the equation ZT = PF/x. As can be seen from the curve,
a total maximum with a value of ZT = 1.02 appears at the temperature of T = 325 K, and
represents the thermoelectric material’s optimal performance temperature. In comparison
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References

to the other two studies, the ZT appears to be very close to the curves as they move across
a zone as a whole.

(ajb{c) (dfe)

Figure 9. Thermoelectric properties of the produced BST powder compared to the literature (Jang
et al. [36] and Ioannou et al. [37]): (a) Thermal conductivity, (b) Seebeck coefficient, (c) Electrical
conductivity, (d) Power factor, and (e) Figure of merit.

4. Conclusions

The impact of both continuous and intermittent planetary ball milling on the alloying
of the bismuth antimony telluride (Bip4Sb1¢Tes) thermoelectric material is discussed
in the current work. Because of the mixture’s high agglomeration tendency, the results
revealed a significant difference in the alloying process in terms of milling time and powder
mixture quantity, when the powder mixture was PBMed in-steps versus continuously. The
term “in-steps” refers to the procedure in which the PBM process is interrupted and the
agglomerated powder adhering to the inner walls of the container is detached, ground
in an agate mortar, and sieved before the alloying process is resumed. In particular, the
results showed that PBMing the mixture continuously for more than 3 h has no effect on
the alloying process because most of the elemental compounds are already trapped inside
the agglomerated powder and do not participate in the alloying process. Additionally,
applying the same procedure for two different amounts of powder mixture (100 g and
150 g) showed that increasing the powder mixture amount by 50% w/w resulted in an
increase in the overall time needed to achieve the single-phase condition of the alloy by a
factor of 2. Concerning the thermoelectric properties of the produced powder, the results
revealed a very good thermoelectric profile, consistent with the literature, with the figure of
merit reaching a maximum value of Z = 1.02 at T = 325 K, demonstrating the effectiveness
of the presented technique to process materials faster and more efficiently, consuming less
time and energy while producing larger quantities.
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Abstract: In this study, we produced zirconia nanoparticles with a pure tetragonal phase, good
dispersion, and an average particle size of approximately 7.3 nm using the modified hydrothermal
method. Zirconium oxychloride (ZrOCl,-8H,O) was used as zirconium source, while propanetriol
was used as an additive. The influence of propanetriol content, sonication time, hydrothermal
temperature, and type of dispersant on the physical phase and dispersibility of zirconia nanoparticles
was investigated. Monoclinic zirconia was found to completely transform into a tetragonal structure
when the mass fraction of glycerol was increased to 5 wt%. With the increase in the mechanical
stirring time under ultrasonic conditions, the size distribution range of the prepared particles became
narrower and then wider, and the particle size became first smaller and then larger. Ultrasonic and
mechanical stirring for 5 min had the best effect. When comparing the effects of different dispersants
(PEG8000, PVP, and CTAB), it was found that the average particle size of zirconia nanoparticles
prepared with 0.5 wt% PVP was the smallest. Furthermore, by adding different concentrations of
pure tetragonal phase nanozirconia to 3Y-ZrO, as reinforcement additives, the bending strength of
the prepared ceramics increased first and then decreased with increasing addition amounts. When
the amount of addition was 1 wt% and the ceramic was calcined at 1600 °C, the flexural strength
of the ceramic increased significantly, which was about 1.6 times that of the unadded ceramic. The
results are expected to provide a reference for the reinforcement of high-purity zirconia ceramics.

Keywords: nanosized zirconia; tetragonal phase; hydrothermal method; propanetriol; ceramic
reinforcement

1. Introduction

Zirconia nanoparticles (ZrO;) possess exceptional physical properties, including re-
markable strength, hardness, and resistance to wear. It also exhibits low thermal conduc-
tivity, excellent thermal insulation, and superior thermal shock resistance. Additionally,
ZrO, nanoparticles demonstrate outstanding biocompatibility and chemical stability, dis-
playing favorable acid and alkali corrosion resistance in both oxidizing and reducing
atmospheres [1-3]. These unique characteristics make it highly versatile, finding applica-
tions in diverse fields ranging from electronic products to oxygen sensors, catalysis, special
ceramics, and refractory materials [4-9]. Consequently, it represents a focal point of current
research within the realm of inorganic materials.

Superior nano ZrO, powders are required to meet specific criteria, including small
grain size, narrow particle size distribution, controllable physical phase and morphol-
ogy, good monodispersity, and minimal agglomeration [10]. ZrO, exists in three crys-
talline structures, namely monoclinic (m-ZrO,), tetragonal (t-ZrO,), and cubic (c-ZrO;)
phases [11]. Nanozirconia with different physical phases possesses unique properties and
applications. Particularly, the tetragonal-phase nanozirconia can serve as a reinforcement
for compounding with other materials to produce martensitic phase transformation for
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ceramic toughening. This comes from its phase transformation toughening effect [12]. For
example, alumina ceramics can be toughened using tetragonal zirconia, and ZrO; plays a
critical role in the polycrystalline transformation of the composite [13]. Additionally, t-ZrO,
exhibits exceptional biocompatibility, high shear strength, and great potential in the field of
biomaterials [14,15]. Owing to these outstanding physicochemical properties, tetragonal-
phase zirconia nanoparticles present promising applications in advanced ceramics and new
composite materials.

The preparation of t-ZrO, nanopowder particles in a convenient and efficient manner
has significant academic and practical value. Several methods are commonly used to pre-
pare such powders, including the sol-gel, microwave, and hydrothermal routes [16-19]. For
example, Chao Yang et al. [20] successfully synthesized pure tetragonal zirconia (t-ZrO,)
with an average particle size of approximately 7 nm via a modified hydrothermal method
using zirconium nitrate (Zr(NOs)4) as the zirconium precursor and glycerol as an additive.
Similarly, Hongju Qiu et al. [21] used a novel sol-gel flux method to synthesize tetrago-
nal zirconia nanopowders stabilized by 3 mol% Y,0O3, producing single tetragonal-phase
3Y-TZP nanoparticles in the binary system NaCl + KCl when the Y,03 content in the raw
material was 5 mol%. In comparison to the other methods, hydrothermal synthesis demon-
strates superior economic efficiency in the fabrication of ZrO, nanoparticles that possess
advantageous characteristics such as fine particle sizes, small agglomeration strengths, and
a narrow distribution of particle sizes [22]. Currently, doping with cations during prepara-
tion is the primary method to improve the stability of tetragonal-phase zirconia in zirconia
systems. Examples of such dopants include yttrium oxide-stabilized tetragonal-phase
zirconia (Y-TZP) and cerium oxide-stabilized tetragonal-phase zirconia (Ce-TZP) [23-25].
However, the major drawback of Y-TZP is that these ceramics are prone to aging, which
means that metastable tetragonal grains are very susceptible to slowly transforming to a
monoclinic phase triggered by water-derived species [26]. In addition, existing issues such
as the dearth of tetragonal phase content, exorbitant reaction costs, stringent equipment
demands, and paltry yields are also present. Moreover, nanoparticles exhibit a proclivity
for agglomeration because of their elevated surface energy, and the existence of agglom-
erates hinders interparticle flow and diminishes sintering activity, ultimately leading to
an immense depletion in powder quality. According to available studies, changing the
surface charge of the powder by adding dispersants is an effective method to improve the
agglomeration of zirconia nanopowders [27]. However, different dispersants also have
different effects on zirconia [16,28]. Therefore, it is especially important to prepare zirconia
nanopowders with good monodispersity and high tetragonal phase content by adjusting
the experimental parameters.

In this paper, we present a systematic investigation of the impact of various preparation
conditions on the synthesis of tetragonal-phase zirconia nanoparticles via the hydrothermal
method using a propanetriol system. We aim to obtain pure tetragonal-phase zirconia
nanoparticles with small particle sizes and good monodispersity and to perform relevant
tests on their properties.

2. Results and Discussion
2.1. Glycerol Content

The results of the laser particle size analysis of samples with different mass fractions
of the propanetriol system are presented in Figure 1. As shown in the figure, the particle
size of the samples showed a trend of an increase and then a decrease with the increase in
the mass fraction of propanetriol, and the median diameter (D50) was 518, 692, 449, and
302 nm, respectively. The particle size distribution curves of samples a (1 wt%), b (2.5 wt%),
and c (5 wt%) are similar. However, when the addition of propanetriol reached 10 wt%,
the particle size and distribution differed significantly, with a concentration of particle size.
This observation suggests that the excessive addition of propanetriol might hinder the
zirconia crystallization process, leading to incomplete crystallization and the production
of other substances. However, it should be noted that the particle size distribution was
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measured using a laser particle size analyzer, and the refractive index parameter was set
on the basis of the refractive index of zirconia. Therefore, the significance of the reference
may not be significant. Based on the results, the sample prepared with 5 wt% propanetriol
had the smallest median diameter and the best particle size distribution.
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Figure 1. Particle size distribution of ZrO, with different mass fractions of propanetriol. (a) 1 wt%,;
(b) 2.5 wt%; (c) 5 wt%; (d) 10 wt%.

The zirconia synthesized through the hydrothermal method should have a particle
size in the nanometer range. However, the measured particle size of the samples was
found to be at the submicrometer level. This discrepancy may be attributed to the fact
that the laser particle size analyzer primarily measures particle sizes in the micrometer
range and may not accurately measure particle sizes in the nanometer range. To verify
the particle size of the hydrothermal product and the accuracy of the laser particle size
analyzer effect pattern on the measured samples, we conducted TEM testing on four groups
of samples. The results, as shown in Figure 2, indicate that the prepared samples have good
monodispersity with clear boundaries between the particles. However, multiple particle
stacking was observed in all of the samples, which may be due to problems arising from
the preparation of the samples during TEM testing. After statistical analysis, the average
particle sizes of the four groups of samples were found to be approximately 9.3 nm, 10.1 nm,
8.2 nm, and 8.0 nm, respectively. The addition of 5 wt% propanetriol resulted in a relatively
good dispersion. The changing pattern of the particle size also followed an increasing
and then decreasing trend, consistent with the results obtained from the laser particle size
distribution meter. Therefore, while the laser particle size analyzer may not provide exact
particle size measurements for nanometer-sized particles, it can still be used for qualitative
analysis and to study the impact of different conditions on particle size distribution.

Figure 3 shows the XRD patterns of propanetriol systems with varying mass fractions.
The results demonstrate that the physical phase is significantly influenced by the content
of propanetriol. Comparison with the standard card of the tetragonal phase (JCPDS
NO.50-1089) reveals that the first three sets of experiments at 26 = 30.12°, 34.62°, 35.11°,
50.22°,50.57°, 59.44°, 60.06°, 62.84°, and 74.41° exhibit tetragonal phase diffraction peaks
corresponding to (011), (002), (110), (112), (020), (013), (121), (202), and (220) crystallographic
planes, respectively. The crystalline intensity varies from weak to strong, and then from
weak to weak. The diffraction peaks at 20 = 35.3° and 60.2° are slightly asymmetrical
due to the broadening superposition of double peaks with different intensities. This
feature distinguishes t-ZrO, from c-ZrO,, which only exhibits symmetric diffraction peaks.
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Therefore, the sample prepared under this condition is confirmed to be t-ZrO, [29-31].
When the addition of propanetriol is 1 wt%, a diffraction peak appears at 20 = 28.16°,
and the standard control monoclinic phase card (JCPDS NO.37-1484) is the diffraction
peak of zirconium oxide monoclinic phase in the crystalline plane. In contrast, when
zirconium oxychloride is used as the zirconium source and ammonia as the precipitant, the
structure is usually mixed-phase without adding propanetriol. The diffraction peak of the
monoclinic phase is relatively strong, indicating that the addition of propanetriol facilitates
the conversion of the monoclinic phase to the tetragonal phase. When the addition of
propanetriol was increased to 2.5 wt%, the diffraction peaks of tetragonal phase zirconia
were sharpened by XRD full spectrum fitting, indicating an increase in the crystallinity
and grain size of tetragonal phase zirconia with the addition of propanetriol. With a
further increase in the mass fraction of propanetriol to 5 wt%, the crystallinity decreased
slightly, but the monoclinic peak at 260 = 28.16° disappeared completely. All diffraction
peaks corresponded to those of tetragonal zirconia, indicating the formation of a pure
tetragonal structure. Furthermore, the diffraction peaks broadened, the width of the half-
height increased, and the grain size decreased. With a further increase in the amount of
propanetriol to 10 wt%, the diffraction peak intensity of zirconia was very low, and no
zirconia with good crystallinity was formed. Therefore, increasing the mass fraction of
propanetriol favors the generation of the tetragonal phase. Under the condition of 5 wt%,
the monoclinic phase has completely transformed into the tetragonal phase. However, as
the amount of propanetriol continues to increase, the crystallinity of the hydrothermal
products increases and then decreases. To a certain extent, continuing to increase is not
conducive to crystallization. Calculated by the Scherrer equation, the current system
exhibited average grain sizes of 6.89 nm, 7.82 nm, 6.25 nm, and 6.56 nm with increasing
mass fractions of propanetriol. These values were consistent with the pattern of intensity
change observed for diffraction peaks.

Figure 2. TEM images of ZrO, material with different mass fractions of glycerol: (a) 1 wt%;
(b) 2.5 wt%; (c) 5 wt%; (d) 10 wt%.
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Figure 3. Effect of different mass fractions of propanetriol on ZrO; crystals: (a) 1 wt%; (b) 2.5 wt%,;
(c) 5 wt%; (d) 10 wt%.

To further verify the particle size and microscopic morphology of the samples, the
samples prepared under 2.5 and 5 wt% propanetriol conditions were characterized by SEM,
as shown in Figure 4. SEM images of the two groups of samples were observed, and it was
found that the particle sizes belonged to the nanometer level and the average particle sizes
ranged from about 15 to 25 nm. However, the particle agglomeration was more severe in
Figure 4a, and the particle boundaries were blurred and the grains were fine. With the
increase in propanetriol’s mass fraction, the edges of the particles in Figure 4b are clearer,
and the grains are well developed. Because of their smaller grains, it leads to the presence
of a larger surface energy and the appearance of agglomeration. Therefore, the above
analysis shows that the crystallinity of the product improves and the particle size decreases
with the increasing addition of propanetriol. Therefore, the optimal amount of addition
was 5 wt% propanetriol, the prepared sample had relatively good dispersion and uniform
particle size, and the product had a pure tetragonal phase structure.

Figure 4. SEM images of ZrO, material with different mass fractions of propanetriol: (a) 2.5 wt%;
(b) 5 wt%.
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2.2. Effect of the Ultrasonic Mode on Tetragonal Nano-Zirconia

The agglomeration of zirconia nanoparticles prepared by the hydrothermal method is
a common problem due to the high surface activity of small particles. However, reason-
able sonication can improve the dispersion of ZrO; nanocrystals [32]. The particle size
distributions were measured at different sonication times and are shown in Figure 5. The
results showed that when only stirring was performed without sonication, the particle
size increased significantly, and the D50 value was too large with a wide particle size
distribution, leading to irrational test results. However, sonication for 2 min significantly
refined the particles, resulting in a decrease in D50 and a narrower particle size distribution.
This indicates that sonication is a crucial step in the preparation process. When sonication
was combined with mechanical stirring for 5 min, the effect was even more significant,
resulting in a smaller median diameter and a narrower size distribution. However, with a
further extension of the sonication time, the median diameter increased, indicating that the
ultrasonic time should not be too long. The vibration caused by the ultrasonic frequency
may regroup the originally dispersed small particles because of their high surface energy,
which is not conducive to powder dispersion. Therefore, the ultrasonic and mechanical
stirring conditions for 5 min were selected as the best conditions for future studies in this
group of experiments.
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D, = 4053 jun T Dy, = 1894 nm

Frequency distribution (%

1o 100 1000 10 10 1000

Size (nm) Size (o)

3F e Dy =48 mm st d D=5 nm

a0k Dy =449 nm " Dy, =366 um
Dy = 1577 un = Dy, = 2008 nm

Frequency distnbution (

Frequesicy distibution (%%

10 100 10 100 1000

Size (am Size (om
Figure 5. Particle size distribution of ZrO, with different ultrasound + mechanical stirring times:
(a) mechanical stirring 2 min; (b) 2 min; (¢) 5 min; (d) 10 min.

2.3. Hydrothermal Reaction Temperature

Figure 6 displays the particle size distribution obtained at various reaction temper-
atures using zirconium oxychloride and propanetriol at concentrations of 10 and 5 wt%,
respectively. As illustrated in the figure, an overall increasing trend in particle size is ob-
served with increasing hydrothermal temperature, with D50 increasing from 121 to 449 nm.
The observed trend can be attributed to the fact that hydrothermal temperature is a critical
factor affecting crystal growth. Specifically, the increase in hydrothermal temperature leads
to greater solute adsorption onto the crystal, resulting in decreased crystal surface energy
and facilitating grain growth.

Figure 7 presents the XRD analysis of the prepared samples at various temperatures
within the propanetriol system. As shown in the figure, when the reaction temperature
is set at 160 °C, weak diffraction peaks are observed for the products, indicating that
zirconia is in a newly crystallized state and still contains many amorphous regions. As the
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temperature increases, the intensity of the diffraction peaks increases, signifying an increase
in crystallinity. However, in comparison with the monoclinic phase standard card (JCPDS
NO.37-1484), it is found that monoclinic phase diffraction peaks appear at 26 = 28.16° when
the reaction temperature is set to 180 °C. At 200 °C, these monoclinic peaks disappear
completely, and all are tetragonal phase reaction peaks with good crystallinity. It is apparent
that an increase in reaction temperature not only facilitates grain growth and enhances
crystallinity but also encourages the transformation from the monoclinic phase to the
tetragonal phase. The average grain sizes of the hydrothermal products prepared at 180 °C
and 200 °C were calculated to be 5.56 nm and 6.25 nm, respectively, according to the
Scherrer equation.
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Figure 6. Distribution of the particle size of ZrO, at different hydrothermal temperatures.

Figure 8 shows SEM images of the samples prepared at hydrothermal temperatures of
160 °C, 180 °C, and 200 °C within the glycerol system. As can be observed in the figure, the
driving force provided at a hydrothermal temperature of 160 °C is insufficient to induce
crystallization in most crystals, which remain in the amorphous state. As the temperature
increases, the crystallinity of the samples gradually increases, along with the driving force
for crystallization, and when the temperature reaches 200 °C, good crystallinity is obtained,
with relatively uniform grain sizes and a sphere-like granular morphology. Based on these
observations, 200 °C is determined to be the optimal hydrothermal temperature. However,
samples prepared at 200 °C still exhibit particle agglomeration, which was addressed by
adding dispersant to mitigate the agglomeration effect.

2.4. Dispersant Type

Figure 9 displays the particle size distribution for the optimal addition of the three
dispersants. In the supplementary materials (Figures S1-53), detailed control experiments
were conducted on the optimal dosage of three dispersants. Here, the optimal dosage
of each dispersant was directly selected for research. As shown in the figure, all three
dispersants effectively reduce the size of the sample particle. Figure 10 presents XRD test
plots of samples prepared with the optimal content of each of the three dispersants based
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on the particle size distribution. Specifically, Figure 10a—c correspond to the addition of
0.5 wt% PEG8000, 0.5 wt% PVP, and 0.3 wt% CTAB, respectively. It is observable from
these plots that dispersants have almost no impact on the physical phase, with patterns
similar to those without dispersants. In Figure 10c, the diffraction peaks of the tetragonal-
phase zirconium oxide are observed to have the highest intensity and the narrowest half-
height width, indicating a relatively larger grain size. Meanwhile, the other two groups
of samples exhibit little difference from each other. Average grain sizes were calculated
using the Scherrer equation as 3.75 nm, 3.69 nm, and 3.91 nm, respectively. The general
morphological characteristics of the three sets of samples were then observed by scanning
electron microscopy.
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Figure 7. Influence of different hydrothermal temperatures on ZrO, crystals: (a) 160 °C; (b) 180 °C;
(c) 200 °C.

JCPDS NO.
Ti 1484

Figure 8. SEM images of the ZrO, material at different hydrothermal temperatures for the glycerol
system: (a) 160 °C; (b) 180 °C; (c) 200 °C.
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Figure 9. Particle size distribution of ZrO, prepared under the conditions of optimal addition of
different types of dispersants: 0.5 wt% PEG8000; 0.5 wt% PVP; 0.3 wt% CTAB.
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Figure 10. Effect of different types of dispersants on ZrO, crystals under optimal addition conditions:
(a) 0.5 wt% PEG8000; (b) 0.5 wt% PVP; (c) 0.3 wt% CTAB.

As indicated in Figure 11, the morphology of the three sample groups with the addition
of dispersant is significantly different from that of samples without dispersant, converting
from an irregular to a sphere-like shape, accompanied by a notable improvement in the
phenomenon of agglomeration and a refinement of the particle size to about 10~20 nm.
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However, the effects of different types of dispersants are not identical. Samples prepared
with PEG8000 dispersant exhibit higher sphericity but relatively larger particle sizes; sam-
ples prepared with PVP exhibit the smallest particle size but relatively poor dispersibility;
in contrast, CTAB exhibits the best dispersibility and moderate particle size.

Figure 11. SEM images of ZrO, prepared by different kinds of dispersants of the propanetriol
system under optimal addition conditions: (a) none; (b) 0.5 wt% PEG8000; (c) 0.5 wt% PVP;
(d) 0.3 wt% CTAB.

To further investigate the effect of different types of dispersant on particle size, samples
prepared with optimal addition of the three groups of dispersants were subjected to TEM
tests, and the results are presented in Figure 12. When no dispersant was added, the
sample particles exhibited poor dispersion, with large agglomerates of fine particles having
serious agglomeration. With the addition of a dispersant, the sample was well dispersed,
characterized by relatively uniform particle isometric axes and the disappearance of large
agglomerates. By measurement and calculation, the average particle size of zirconia
nanoparticles prepared with 0.5 wt% PEG8000 was about 9.2 nm, although some particles
still agglomerated; the average particle size of zirconia nanoparticles prepared with 0.5 wt%
PVP was about 7.3 nm, exhibiting the smallest particle size; and the average particle size
of zirconia nanoparticles prepared with 0.3 wt% CTAB was 8.7 nm, featuring uniform
isometric morphology and good dispersion.

Glycerol is a polyol composed of three hydrophilic hydroxyl groups. When used as an
additive, it exhibits good mutual solubility with water, uniformly disperses and adsorbs
around fully hydrolyzed zirconium oxychloride, and plays a crucial role in the regulation of
the physical phase, which contributes to the stable existence of the tetragonal phase [33]. By
regulating the mass fraction of propanetriol and hydrothermal temperature, pure tetragonal
phase nanozirconia can be prepared by adding 5 wt% propanetriol and 10 wt% zirconium
chloride, appropriate amounts of dispersant, and reacting under ultrasonic and mechanical
stirring for 5 min at a hydrothermal temperature of 200 °C. However, it should be noted that
when zirconia phase analysis is performed by XRD, the diffraction peaks corresponding to
the tetragonal and cubic phases may overlap. Although the diffraction peaks at 20 = 35.3°
and 60.2° possess slight asymmetry due to the broadening superposition of double peaks
with different intensities, which can be used to identify whether the phase is pure tetragonal
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or not, more reliable phase information can be obtained by adding 0.5 wt% PVP to the
sample and subjecting it to the Raman tests. The results are presented in Figure 13.

Figure 12. TEM images of ZrO, prepared by different types of dispersants of the glycerol system un-
der optimal addition conditions: (a) none; (b) 0.5 wt% PEG8000; (c) 0.5 wt% PVP; (d) 0.3 wt% CTAB.

147.7

269.8

Intensity (a.u.)

1 L 1 L 1 L 1 " 1 " 1
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Figure 13. Raman spectra of samples under optimal conditions of the glycerol system.

Figure 13 exhibits the Raman scattering spectra of tetragonal-phase zirconia prepared
under optimized conditions in the glycerol system. The figure mainly demonstrates seven
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distinct peaks in the Raman spectrum, wherein six are located at 147.7 ecm~1,269.8 cm™1,

316.7 cm~!,472.8 cm 1, 518.9 cm ™!, and 648.3 cm ! in order, respectively, and match with
the six primary Raman activation modes of the tetragonal-phase zirconia analyzed by the
entropy group theory, belonging to Blg, Eg, Blg, Eg, Alg, and Eg symmetry, respectively.
The other scattering peak at 480.1 cm ™! may overlap with the shoulder peak at 472.8 cm ™!
and can be attributed to the Eg of the tetragonal phase. Compared to uniform standards
reported in the article [34], this result is very close to the theoretical calculation of the laser
Raman scattering peak position of the tetragonal-phase zirconia. However, some differences
still exist that could be attributed to the imperfect crystallinity of the sample prepared by
hydrothermal reaction, the presence of numerous crystal defects, etc. In addition, it can
be seen from the observed spectrum that the Raman peak has a more obvious broadening
phenomenon, the baseline of the spectrum has a more obvious fluorescence background,
and there is no obvious polymer residue in the sample after full washing. These should
be due to the introduction of defects in the sample. Moreover, since the tetragonal-phase
zirconia and the cubic phase severely overlap in XRD patterns, making them difficult to
distinguish, the unique peak position corresponding to the cubic phase zirconia and where
the Raman activation mode Fzg is located was not observed in the Raman peak, which
is typically located close to 490 cm~! [35]. On the basis of the uniform standards in the
articles and the above analysis, it can be concluded that zirconia prepared under optimal
conditions in this system exhibits a pure tetragonal phase structure.

2.5. Effect of Adding Nano-Zirconia on Flexural Strength of 3Y-ZrO;

Figure 14 shows the flexural strength of the prepared pure tetragonal-phase zirconia
nanoparticles added to 3Y-ZrO; (3 mol yttrium oxide-stabilized zirconia) at different
contents in the glycerol system after calcination at different temperatures. In general,
the calcination temperature required to achieve maximum flexural strength in zirconia
ceramics is greater than or equal to the sintering temperature of the ceramics. On the
basis of the lateral factor analysis of the graph, it can be observed that as the temperature
increases, the overall flexural strength gradually increases when nano-zirconia is added
at 0 wt%, 0.5 wt%, 1 wt%, 3 wt%, and 5 wt%. When the calcination temperature reaches
1500 °C and continues to increase, the flexural strength of the samples with nanoaddition
increases significantly faster, indicating that the sintering temperature of 3Y-ZrO, with
the addition of nanozirconia is greater than 1500 °C. Analysis of different addition factors
in the longitudinal direction reveals that in 3Y-ZrO, samples with the addition of nano-
zirconia, the flexural strength exhibits a trend of increase and then decrease with the
increase in nanozirconia content, with the highest flexural strength achieved at 1600 °C
with the addition of 1 wt% (286.88 Mpa). However, when the calcination temperature
is less than or equal to 1500 °C, the flexural strength of the added group is generally
not as high as the control group, as the sintering temperature has not yet been reached
and the flexural strength continues to increase. At 1600 °C, the flexural strengths of the
samples with 0.5 wt%, 1 wt%, and 3 wt% additions were greater than those of the control
group, indicating that the addition of zirconia nanoparticles was beneficial to strength
improvement, as zirconia nanoparticles themselves act as glass network intermediates and
complement the mechanical properties of 3Y-ZrO,. The cross-sectional SEM image of the
sample with 1 wt% addition is shown in Figure 54 in the supplementary material. It was
shown in that a high flexural strength can be reached by the formation of a comparatively
high percentage of fine tetragonal zirconia grains in 3Y-ZrO, ceramics. Such microstructure
provides the implementation of a high energy-consuming fracture micromechanism in
flexure due to crack growth along the boundaries of the fine grains or their agglomerates,
with rarely occurring cleavage fracture areas. In this case, the crack path undergoes multiple
branching occurrences, which slow down the speed of fracture propagation and improve
the fracture toughness and strength of ceramics [36,37]. The flexural strength of the samples
continued to increase without showing any decreasing trend as the calcination temperature
increased. However, according to the report, as the temperature increases in the range
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of 1200~1600 °C, although the fracture strength of ceramics continues to increase, the
fracture toughness of ceramics reaches a maximum at 1500 °C and starts decreasing as the
temperature increases further, exhibiting a trend of an increase first and then a decrease.
Unfortunately, because of time constraints, no further studies have been conducted at
higher sintering temperatures.
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Figure 14. Flexural strength of the sample strips after calcination by adding the prepared zirconia
to 3Y-ZrO;.

3. Experimental
3.1. Materials and Methods

Using the hydrothermal method, the influencing factors regarding the preparation
of t-ZrO, nanopowders were systematically investigated by adding different types and
contents of dispersants, with zirconium oxychloride as the zirconium source, ammonia
with a mass fraction of 28% as the precipitant, and propanetriol as an additive. Polyethy-
lene glycol 8000 (PEG8000), polyvinylpyrrolidone (PVP), and cetyl trimethyl ammonium
bromide (CTAB) were used as dispersants. The contents of the dispersants are shown
in Table 1. The zirconium hydroxide precursors were formed by adding propanetriol to
the zirconium oxychloride solution under ultrasonic and mechanical stirring conditions,
completely dissolving it and then adding dispersant, followed by twice the molar amount
of ammonia of zirconium oxychloride, and fully ultrasonic and stirring. To disperse the
raw material as homogeneously as possible, we performed a systematic control test on
the sonication time and method, setting the power at 80 W and the rotational speed at
1000 RPM, and finally obtained 5 min of sonication and mechanical stirring as the optimal
choice. The precursor was transferred to a reactor with a capacity of 50 mL, filled with
75%, and reacted at 200 °C for 12 h. The synthesized sample was allowed to stand in
deionized water, and then 0.1 mol/L of silver nitrate solution was added dropwise to the
supernatant until no precipitation was produced. Then, the impurity ions were removed by
centrifugation three times, dried, and ground to obtain the final sample. The experimental
procedure is shown in Figure 15.
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Table 1. Factor levels at different dispersant mass fractions in the preparation of ZrO, nanoparticles.

Sample Number ~ PEG8000 (Wt%)  PVP (wt%) CTAB (wt%) Oxydﬁi(ffi‘:g‘gi‘yceml HydTZ‘I’Itl}I;:‘;fllrgfoagi°“
1 / / / 2:1 200
2 0.1 0.1 0.1 2:1 200
3 0.3 0.3 03 2:1 200
4 0.5 0.5 0.5 2:1 200
5 1 1 1 2:1 200
6 2 2 2 2:1 200
dispersant ammonia

— N _—
— -; —

Glycerol t ZrOCl,*8H,0 '

Ultrasonic

“"‘- “, agitation
Hydrothermal

-210, .
ey ﬁ = N

Figure 15. Flow chart of the preparation of tetragonal phase nano-zirconia powder.

Centrifugal

3.2. Characterization

The crystal structure and phase composition of the materials were measured by XRD
(D8 ADVANCE CEO, BRUKER) under the conditions of Cu K« radiation and a 26 range of
20-90°. The crystallite size was estimated from the peak broadening of the (011) reflection
in the XRD pattern using the Scherrer equation as follows:

KA
~ Bcos 0

)

The particle size and microscopic morphology of ZrO, nanopowders were analyzed
using field emission scanning electron microscopy (FESEM, INSPECT F50, FEI, USA) to
observe their morphological characteristics. The particle size of the particles is measured
using a laser particle size analyzer (LT3600, Light Truth) with a controlled refractive index
range of 5-8% of the sample at the time of measurement. The microstructure and dispersion
of the nanoparticles were observed by transmission electron microscopy (TEM) (JEOL
1400 Flash, JEOL, Japan). The molecular structure of the powder can be characterized by
Raman spectroscopy (Lab RAM Armis, HORIBA Jobin Yvon). The three-point bending
method (as shown in Figure 16) was used to measure the flexural strength of the ceramics
(International Standard ISO 6872:2015 Dentistry—Ceramic materials; ISO, 2015). After the
corresponding parameters were set in the equipment, the span distance was adjusted to
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20 mm, and the indenter loading speed was 0.5 mm/min. The flexural strength (MPa) was
calculated using the following equation:

o = 3FL/2bh? 2)

where F is the fracture load (N), L is the distance between the supporting rollers (mm), b is
the width of the sample (mm) and # is the thickness of the sample (mm).

P

DN N J

N t\\\ s, g
L,

Figure 16. Schematic diagram of the three-point bending method.

4. Conclusions

Pure tetragonal-phase zirconia nanoparticles with good dispersion and an average
particle size of 7.3 nm were prepared by the hydrothermal method with the addition
of 5 wt% propanetriol, 10 wt% zirconium chloride, 0.5 wt% PVP, ultrasonication and
mechanical stirring for 5 min, and a hydrothermal temperature of 200 °C. In the preparation
of tetragonal-phase zirconia nanoparticles by propanetriol modulation, it was found that an
appropriate amount of propanetriol was favorable for the generation of tetragonal-phase
zirconia nanoparticles, and 5 wt% propanetriol induced the complete transformation of
the monoclinic phase to the tetragonal phase. The increasing hydrothermal temperature
gradually transformed the monoclinic phase into the tetragonal phase. Ultrasonication and
mechanical stirring had a certain effect on particle size and distribution, with the optimal
effect achieved at 5 min. The addition of dispersant effectively alleviated the agglomeration
problem, with 0.5 wt% PVP being particularly favorable for reducing the particle size.

Pure zirconia nanoparticles in the tetragonal phase prepared using propanetriol were
added to 3Y-ZrO; at different contents, and their flexural strengths were tested after
calcination at varying temperatures. As the calcination temperature increased to above
1500 °C, the flexural strength of the 3Y-ZrO, samples with the addition of zirconia nanopar-
ticles showed a trend of initial increase and then decrease with increasing nanoparticle
content, and the flexural strength reached its maximum value of 286.88 Mpa at 1600 °C
with 1 wt% zirconia nanoparticles added. The performance of 3Y-ZrO; ceramics after
the addition of t-ZrO, was significantly increased, which provides important academic
value and practical significance for the development and preparation of high-performance
zirconia nanopowders.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/inorganics11050217/s1, Figure S1: Particle size distribution of ZrO,
prepared with different mass fractions of PEG8000: (a) 0; (b) 0.1 wt%; (c) 0.3 wt%; (d) 0.5 wt%;
(e) 1 wt%; (f) 2 wt%; Figure S2: Particle size distribution of ZrO, prepared with different mass
fractions of PVP: (a) 0; (b) 0.1 wt%; (c) 0.3 wt%,; (d) 0.5 wt%; (e) 1 wt%; (f) 2 wt%,; Figure S3: Particle
size distribution of ZrO, prepared with different mass fractions of CTAB: (a) 0; (b) 0.1 wt%; (c) 0.3 wt%;
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(d) 0.5 wt%; (e) 1 wt%; (f) 2 wt%,; Figure S4: SEM image of the cross-section of 3Y-ZrO, calcined
sample: (a) 0; (b) 1 wt%.
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Abstract: In the present work, a hybrid organic-inorganic semiconductor (HOIS) has been used to
modify the surface of a graphite paste/silica (G-5iO,) film electrode on a conducting glass substrate
to fabricate a promising, sensitive voltammetric sensor for the vasoconstrictor bisartan BV6, which
could possibly treat hypertension and COVID-19. The HOIS exhibits exceptional optoelectronic
properties with promising applications not only in light-emitting diodes, lasers, or photovoltaics
but also for the development of voltammetric sensors due to the ability of the immobilized HOIS
lattice to interact with ions. This study involves the synthesis and characterization of an HOIS and its
attachment on the surface of a G-5iO;, film electrode in order to develop a nanocomposite, simple,
sensitive with a fast-response, low-cost voltammetric sensor for BV6. The modified HOIS electrode
was characterized using X-ray diffraction, scanning electron microscopy, and optical and photolu-
minescence spectroscopy, and its electrochemical behavior was examined using cyclic voltammetry.
Under optimal conditions, the modified G-SiO, film electrode exhibited a higher electrocatalytic
activity towards the oxidation of BV6 compared to a bare graphite paste electrode. The results showed
that the peak current was proportional to BV6 concentration with a linear response range from 0
to 65 x 1076 (coefficient of determination, 0.9767) and with a low detection limit of 1.5 x 10~° M
(S/N = 3), estimated based on the area under a voltammogram, while it was 3.5 x 1076 for peak-
based analysis. The sensor demonstrated good stability and reproducibility and was found to be
appropriate for the determination of drug compounds such as BV6.

Keywords: graphite/SiO, film; hybrid organic-inorganic semiconductor; bisartan BV6; cyclic
Voltammetry; sensor

1. Introduction

Herein, we report the electrochemical properties and sensing of a drug molecule,
4-butyl-N,N-bis{[2-(2H-tetrazol-5-yl)biphenyl-4-ylJmethyl}imidazolium bromide (BV6),
an angiotensin II receptor blocker, usually referred to as bisartans. This work is in the
realm of exploring electrochemical methods for drug detection [1]. Furthermore, similar
efforts were used for the detection of a similar compound, losartan, the first oral non-
peptide mimetic of angiotensin II hypertension medicine [2]. It is expected that the sensing
electrodes used for this molecule could be applied for other structurally similar molecular
drugs, whilst the choice of BV6 is based on its proposed applicability in disease prevention.
Electrochemical techniques such as voltammetry and potentiometry enable quick drug
detection in biological fluids, pills, or suspensions and ensure drug quality and dose. These
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methods offer specificity, high sensitivity, low detection limits in the uM/nM range, the
possibility of real-time results, ease of preparation and operation, and cost-effectiveness
when compared with other analytical methods used for drug detection [3,4].

As illustrated in Scheme 1, the structure of BV6 consists of two biphenyl moieties
(either ortho-substituted tetrazole or carboxylate) at the N-1 and N-3 nitrogens of imidazole.
Bisartans regulate the components of the renin angiotensin system, a prime target for
cardiovascular disease therapy. According to the literature, in in-silico studies, these appear
to strongly bind to the SARS-CoV-2 RBD/ACE2 complex spike [5-11].

Scheme 1. Structure of BV6. White spheres are H, gray C, blue N, purple Na, and red Br.

The materials that have been used for the fabrication of electrodes for drug determina-
tion exhibit a large variety of electrical and electronic properties. In this work, naturally
formed hybrid organic-inorganic semiconductors (HOISs), also named as short perovskite
materials [12], have been selected as they exhibit enhanced quantum and dielectric confine-
ment of their direct band gap excitons, as well as high mobility and diffusion lengths for
their electrons and holes.

In general, HOISs form low-dimensional semiconducting structures, whose dimen-
sionality strongly depends on the starting stoichiometry and precursor selection. The
dimensionality refers to that of the active semiconducting inorganic network—usually a
metal halide; this last network can take a range of dimensionalities from 0D up to 3D. The
dimensionality also depends on the choice of the organic part content. Such networks are
shown in Scheme 2, spanning from two-dimensional up to three-dimensional cases; 2D,
left (n = 1), to 3D, right (n = o) [13]. The enhanced mobility of the charged carriers, i.e.,
electrons and holes, as well as their increased diffusion length, allows HOISs to serve as
sensors [14], photovoltaics [15], light-emitting diodes [16-19], and chemielectroluminescent
materials. Additionally, their cost and fabrication simplicity places them as suitable for use
as electrode materials. Also, their inherent optical absorption (OA) and photoluminescence
(PL) excitonic peaks are strong and tunable by chemistry, as has already been evidenced
by numerous publications [20,21]. Also, the excitons in HOISs are distinct electronic states
at room temperature, including the perovskite used in this work. The aforementioned
improved optical and electronic properties of HOISs, as well as their flexible nature, allows
them to be used in novel devices. However, a unique disadvantage these materials exhibit
is that they are usually degraded by water; thus, organic solvents have been used in the
present study.

Graphite paste/silica (G-5iO,) film electrodes, present great advantages as opposed
to standard carbon electrodes (glassy or metallic) and their use in electrochemical studies
is constantly increasing [3,22]. Previous studies have shown that they exhibit high con-
ductivity, high electrocatalytic activity for many redox reactions, and resistance to surface
fouling. Additionally, they can remain stable in organic solvents for a relatively long time
(several hours), perform at lower overpotentials, and are reusable [23]. Adding to the
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aforementioned advantages, the ease of manufacturing, the lower cost, and the possibility
of chemical modification make the G-5iO; film electrodes even more appealing [24].

.
n=1 n=2 n=3 n=00

Scheme 2. Visual representation of organic-inorganic hybrid perovskite networks as n = 1 (2D),
n =2, and n = 3 (quasi-2D), n = co (3D); a specific yet general example has chemical formula of
ApM;,_1Pbn X341, where usually X = Cl, Bz, I, M a small amine or Cs, and A a long amine.

Over the last 30 years, material scientists have produced a variety of electrodes with
unique electronic and structural characteristics, with the ability to mediate fast electron
transfer for a wide range of electroactive compounds. These electrodes also exhibit elec-
trocatalytic activity towards agricultural or food-related hazardous substances and phar-
maceutical organic compounds and guide the development of new voltammetric and
amperometric quantitative sensors [1,2,4,14,25]. Most electrochemical methods rely on
the modification of electrodes, such as the graphite paste or the glassy carbon electrodes,
by nanostructure or porous materials to enhance and increase their electroactive surface
area and to improve their mechanical strength and chemical stability. By using a modifier
(such as conducting polymers, nanoparticles, etc.), it is possible to dramatically improve
the sensitivity and selectivity of an electrode [2,24,26]. Therefore, in this work, an HOIS
has been synthesized and used as a modifier on the surface of a G-5iO; film electrode
on a fluorine-doped tin oxide (FTO) glass substrate. More specifically, the perovskite has
been adsorbed steadily on the surface of a G-5iO; film electrode for the electrochemical
characterization and quantitative determination of BV6 for the first time.

2. Results and Discussion
2.1. X-ray Diffraction

In Figure 1, the XRD patterns of all the materials are presented. For the perovskite
(Figure 1b) employed in this work, no precursor PbBr,-associated peaks were found in its
XRD pattern, showing the complete reaction towards the final perovskite.

For the composite films (Figure 1d), before being used for the electrochemical mea-
surements, the characteristic peaks of the perovskite at 14.85°, 21.35°, and 30.17° on the
G-5i0, /FTO/perovskite film are observed, confirming its successful immobilization on
the G-5iO, surface without its structure being altered in a significant manner. In this
point, it is important to note that the pattern (1d) shows several small peaks at 13.69°,
27.34°,35.96°, and 44.59° which may have arisen from recrystallization of the perovskite,
involving Na* ions and possibly SiO; units on graphite. The pattern of the G-SiO, on the
FTO glass substrate presents three slightly intense peaks at 26.54°, 38°, and 51.43° which
correspond to the plane indices (110), (200), and (211) of the tetragonal SnO; structure due
to the FTO glass slide. Smaller peaks which correspond to the plane indices (101), (220),
(310), and (301) also confirm the previous pattern. The amorphous character of the G-5iO,
on FTO is only presented as a broad peak (Figure 1a) centered at about 26°. After the cyclic
voltammetric measurements, the XRD pattern of the used composite material exhibited the
peaks of the perovskite, as well as a double peak at 11.63° and a single peak at 35.33°. To
determine the origin of these peaks, which could be due to some reaction or degradation of
the perovskite, another pattern (Figure 1c) has been added. It corresponds to a reaction
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of the perovskite and BV6 after being dissolved in DMEF, while this time BV6 has a much
greater concentration than the one used in the sensing experiments. Thus, it is concluded
that the peaks at low angles may be due to the formation of low-dimensional perovskites.
This will become more evident in the optical measurements as depicted later on.

3000
—G-Si0, / FTO
—G-Si0, / FTO/ PRV
—— G-Si0, / FTO/ PRV hter CV +DPV
Perovskite (PRV)
Perovskite && BV6
2000
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©
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1000
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Figure 1. XRD patterns of (a) G-SiO,/FTO film; (b) Perovskite; (c) Perovskite with BV6;
(d) Perovskite/G-SiO, /FTO film before the sensing of BV6; and (e) Perovskite/G-SiO, /FTO film
after the sensing of BV6. (* is used for the peaks of FTO glass).

In effect, it is safe to assume that the perovskite remains mostly intact during the
electrochemical measurements, while only a small part of it is consumed by its embedding
in the amorphous matrix, as well as due to its electrochemical interaction with the BV6. As
will be discussed later, the optical properties, especially the UV absorption spectra, related
to the band gap and exciton remain intact after usage. It is interesting that BV6 can alter the
perovskite’s structure, most probably due to the presence of the bromine in its structure,
or in general its halogen content, which probably allows BV6 to intercalate within PbBry
layers, giving rise to the low angle peak (Figure 1c), which differs though by 0.6° from that
exhibited from the low angle peak of the used sample (Figure 1le). Due to the complexity of
the XRD patterns’ peaks among the samples that have interacted with BV, it is conjectured
that any electrochemical redox reaction leads to new BV6/perovskite complexes which
under the applied oxidation potential give rise to electrochemical peaks; this is conjectured
to take place by donating redox-generated electrons while any by-products revert to the
original perovskite structure.
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2.2. SEM Imaging of Surface Topography

To evaluate the perovskite/G-5iO, films on FTO glass slides, before and after the im-
mobilization of the perovskite on their surface, scanning electron microscopy (SEM)/energy-
dispersive X-ray (EDX) was also used. The same technique was used to examine any
modification on the surface of the films after the cyclic voltammetry (CV) measurements
and after the additions of BV6 concentrations in the organic electrolyte solution. This allows
us to monitor if the applied biases or the BV6 concentration could alter the morphology,
stoichiometry, and structure of the immobilized perovskite.

Figure 2a,b show the SEM images of the perovskite before its immobilization on the
G-SiO, /FTO films. After the reaction of BV6 with perovskite, as depicted in Figure 2¢,d, the
formation of a cube-like structure was observed at the center of the grains of the perovskite,
while away from the fractal-like and cuboid structure no Pb was detected, implying the
existence of BV6. The fractal-like growth is possibly linked to the planar form of the BV6
molecule and its capability to carry charge of different polarity in different regions, leading
to the formation of some new perovskite phases or shapes.

# = s
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M = A2 B - JE— . Signal 4 = SE1 Date 20 Det 2022
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(b) (d)
Perovskite without BV6 Perovskite with BV6

Figure 2. SEM images of (a,b) the sensor before reaction with BV6; (c,d) the sensor surface after
reaction with BV6. Images b and d show increased detail of the film characteristics.

The addition of perovskite in the G-5iO, paste exhibits a homogenous nanostructure
with a high effective surface consisting of visually numerous wrinkles and a highly rough
surface, in favor of high perovskite loading and the introduction of multiple potential
electroactive sites that provide a clear advantage for the sensing of BV6. Such an image ac-
quired before the electrochemical measurements is shown in Figure 3 (cross section), while
Figure 4 shows the images of the film before and after the electrochemical measurements.
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Figure 3 shows that the top active film has a thickness of about 1-2 pm, which is of the
same scale as the perovskite crystallites retained on top of the film.

Q""
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Figure 3. SEM image of a cross section of the perovskite/G-5iO,/FTO film before use for
BV6 sensing.

Finally, the SEM images for the electrodes’ surface, after their usage for the electro-
chemical measurements, are shown in Figure 4. EDX elemental analysis for the atomic
stoichiometry of Pb:Br shows that the observed cuboidal form of the 3D perovskite is at a
ratio in excess of 3, even up to 3.5, depending on the region of the surface, verifying the
existence of the 3D perovskite form instead of any PbBr, by-products, which would have a
ratio of 2.

2.3. Optical Measurements

In Figure 5, the UV-Vis optical absorption spectra of all materials used in this work are
presented. The pristine perovskite (Figure 5a) shows an energy band gap along with
its accompanying exciton absorption peak at 522 nm, where both are convoluted, in
accordance with previous works [20]. BV6 shows no absorption peaks in the region
of interest (Figure 5b). Before the use of the composite electrode for sensing BV6, the
combined G-5iO; / perovskite optical absorption peak appears to shift to lower wavelengths
(Figure 5d), ca. 509 nm, probably due to some low dimensional species that have been
afforded by the perovskite growth within the spaces afforded by the amorphous paste.
After the electrochemical measurements (Figure 5e), the peak further blue shifts towards
503 nm. Similarly, in order to further investigate the experiments performed by reacting BV6
and perovskite on a composite electrode, another similar reaction product was formed by
reacting substantial quantities of BV6 with perovskites, in DMEF, as a standalone material. In
this case, the perovskite-BV6 product (Figure 5c) appears to exhibit a peak at 514 nm, which
again shows that BV6 can intercalate at sufficiently large quantities within the perovskite
structure and yield other intermediate structures which will be reported elsewhere.

In Figure 6, the corresponding PL spectra of the compounds are provided. The
pristine perovskite shows a peak, slightly red-shifted with regard to the absorption peak, at
545 nm (Figure 6a). BV6 shows only high-energy luminescence (Figure 6b) when excited
with 350 nm with its peaks appearing at 408, 433, and 461 nm again away from the
perovskite peak and in summary has no low energy peaks. Figure 6¢c shows the PL of
the reaction among BV6 and perovskites when using large amounts of both perovskite
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and BV6, showing in accordance with the optical absorption spectra the possibility of
forming low-dimensional structures, since the PL has blue-shifted with regard to the
pristine perovskite compound.
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Figure 4. SEM images of (a—c) Perovskite/G-5iO, /FTO before BV6 sensing and (d-f) Perovskite/G-
SiO, /FTO film after BV6 sensing.

Before sensing, the perovskite OA peak at 545 nm is shifted to 530 nm, see Figure 6d,
once being mixed with the G-5iO, paste, which corresponds to the lower peak as seen
in the UV-Vis spectra. This is in accordance with the blue-shift evident in the optical ab-
sorption spectra of the perovskite/composite material, which shows some strong quantum
confinement of the perovskite structures. After sensing, Figure 6e, the peak at 415 nm
corresponds to the BV6 molecule that has been absorbed by the perovskite layer, while
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the used electrode also exhibits an extra PL peak at 554 nm, red-shifted with regard to the
pristine perovskite, possibly due to perovskite with trapped excitons and/or defects.
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Figure 5. Optical absorption spectra of (a) Perovskite; (b) BV6; (c) Perovskite with BV6;
(d) Perovskite/G-SiO, /FTO film before the sensing of BV6; and (e) Perovskite/G-SiO, /FTO film
after the sensing of BV6.
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Figure 6. PL spectra of (a) Perovskite; (b) BV6; (c) Perovskite with BV6; (d) Perovskite/G-SiO, /FTO

film before the sensing of BV6; and (e) Perovskite/G-5iO, /FTO film after the sensing of BV6. Arrow

shows the position of the small excitonic at 540 nm, before sensing.

The used composite electrode was stored at room temperature with a 50% relative
humidity for four months and underwent electrochemical sensing measurements again.
Its optical properties, as determined by spectroscopic methods, are depicted in Figure 7,
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which verify that after this time, the UV-Vis absorption spectrum remains intact, yet the
PL signal shifts the excitonic degradation peak, at 554 nm, back to 543 and 507 nm, even
after this long period. It appears as if another low-dimensional adduct has formed after
this long time and a pristine 3D perovskite has recovered from the sensing experiments,
with any chemical/redox reaction with BVé.

" () 504 Aexc = 3950nm |
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Figure 7. PL (a,c) and UV-Vis optical absorption (b,d) spectra, respectively, of the composite film
after the 1st use before storage (a,c) and, after the 2nd use and 4 months of storage (b,d). Arrow
shows the position of the excitonic peak before sensing; here, only a shoulder is observed.

2.4. Electrochemical Behavior of Perovskite/G—SiO,/FTO Film Electrode

The electrochemical behavior of the composite perovskite/G-5iO, /FTO film electrode
was investigated by CV in DCM/TBAH electrolyte, where the perovskite appears to be
stable and does not desorb from the surface of the film, as evidenced by the color of the
electrolyte solution and the observation of the excitonic OA and PL peaks for the used films.
The CVs of the FTO substrate and of the G-SiO, /FTO film electrode, before and after the
immobilization of the perovskite on its surface, are presented in Figure 8. The bare film
electrode exhibited a large background current and an almost rectangular CV plot without
the presence of any oxidation or reduction peaks (Figure 8b). This shape of the CV plot is
expected for double-layer and pseudo-capacitive materials. Also, in Figure 8a, the CV plot
of the FTO glass substrate does not exhibit any noticeable redox response and the respective
capacitive current is negligible. After the attachment of the perovskite on the surface of
the G-5iO, /FTO film electrode, the background current is higher due to the larger surface
area of the modified film electrode and, in addition, a small irreversible anodic peak at
+0.31 V is observed (Figure 8c) due to the presence of the adsorbed perovskite. As shown in
Figure 9a, this peak disappeared once BV6 was added. However, a similar peak appeared
at +0.21V that could be related to the peak at +0.31 V. The shape and maximum value
of this second peak will be affected by the progressive addition of BV6 to the electrolyte
solution, allowing in this way the detection of BV6. Preliminarily, this suggests that the
perovskite actively interferes with the BV6 towards its detection, or else this peak would
have remained invariant to the added drug concentration.
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Figure 8. CVsat 0.1 V/s of (a) FTO glass; (b) G-5iO, /FTO film electrode; (c) Perovskite/G-5iO, /FTO
hybrid electrode 0.1 M TBAH electrolyte in DCM.

A high perovskite loading was possible to attain on the surface of the G-5iO, /FTO
film electrode due to the high surface area of the film electrode and the molecular size of
the perovskite used in this study. Adsorption of 40 uL of the resultant perovskite solution
onto the film’s surface caused its dark yellow-orange coloration, which suggests a high
surface coverage. It is plausible that due to the organic-inorganic nature of the perovskite,
its active materials could exhibit a similar immobilization behavior as is typically the case
for proteins on the surface of the host G-SiO, /FTO film electrode.
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Figure 9. Cont.
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Figure 9. (a) CV scans at 0.1 V/s of a perovskite/G-SiO,/FTO film electrode in the absence and
presence of increasing concentrations of BV6in 0.1 M TBAH in DCM. Red arrow shows the progressive
increase in the anodic peak. (b) Plot of background corrected peak current at —0.36 V versus BV6
concentration and in particular the linear segment of the calibration plot. Error bars are standard
deviations of the mean with n = 3.

In a comparable study [2] wherein a different type of perovskite was adsorbed on the
surface of the same film electrode material, it was observed that the shape of the CV of
the composite film was different on the return scan in contrast to the one presented above.
This is likely due to the different chemical composition of the adsorbed perovskite and the
possible partial oxidation of the previously reported immobilized perovskite.

The absence of a diffusion-based reversible wave in both studies suggests that these
particular 3D-like perovskites are incapable of shifting by diffusion through the G-5iO, /FTO
film electrode structure, if perovskites are to undergo a redox reaction. This suggests that
no electron hopping occurs among neighboring perovskite nanoparticles immobilized on
the surface of the film electrode.

2.5. Voltammetric BV6 Sensor

The quantitative voltammetric detection of BV6 on the perovskite/G-5i0, /FTO film
electrode was conducted via CV and the results obtained are shown in Figure 9a. Upon
consecutive additions of increasing amounts of BV6, two large anodic peaks at —0.36 V
and at +0.21 V can be observed. A peak at —0.36 V starts to appear and progressively
increases and shifts to less negative biases, to —0.19 V. Similarly, the small anodic peak of
the perovskite-modified film electrode at +0.21 V, see Figure 8c, starts to increase as well
and shifts to less positive biases, to +0.15 V. Both observations are due to the high specific
area and increased conductivity of the film with the adsorbed perovskite.

The current response after each BV6 addition is relatively fast, reaching the steady-
state value within a minute. Both anodic peaks are probably due to the oxidation of BV6 on
the surface of the modified film electrode and are irreversible. It seems that these anodic
peaks depend on the immobilized perovskite and the amount of BV6 added. It is also
essential to note that during the CV measurements the perovskite remains fixed and stable
on the surface of the film electrode that is immersed in the organic solvent. Perovskite
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desorption does not occur, as this would have been evident from the coloration of the
electrolyte solution that does not take place.

Like in a recent study related to the oxidation of losartan [2] on the surface of a
perovskite/G-SiO, /ITO film, it is suggested that also in this case the immobilized per-
ovskite serves as an oxidation center for BV6. It is possible that this was facilitated by the
transformation of the perovskite into another type from its pristine form. It is probable
that BV6 redox reactions could be catalyzed by the perovskite itself. Also, supplementary
experiments have been performed to elucidate possible electrochemical reaction steps,
such as high-performance liquid chromatographic differentiation of the used solutions
under acetonitrile/water, in order to detect substantial degradation species of BV6 or any
other perovskite/BV6 species, which were not found. Furthermore, based on the facts
that electrodes without perovskite did not show any BV6 detection, neither did perovskite-
containing electrodes under blank solutions, it is therefore suggested that the BV6 was
likely being detected through a more complex procedure in the organic solvent. As the
negative electrode attracts BV6 molecules, containing Br counter ions, these are mixed
with the perovskite’s bromine. The net result is that upon the voltage-forced oxidation,
the complex BV6/perovskite species undergo a redox reaction, providing the detected
peaks. The proposed catalytic function of BV6 is definitely related to the increase, as well
as to the shift of both anodic peaks and particularly to the one at +0.21 V that shifts to
+0.12 V upon the addition of increasing BV6 concentrations. Before the addition of BV6, the
perovskite-modified G-5iO, /FTO film electrode exhibits a small ill-defined anodic peak at
+0.21 V for at least five consecutive CV scans, suggesting that maybe part of the perovskite
is consumed or oxidized on the surface of the film electrode, as was discussed by us and
others in the literature [2,27].

Figure 9b displays a background corrected peak current at —0.36 V versus the BV6
concentration plot, the gradual increase in the electrocatalytic anodic current maximum
of the first anodic peak at —0.36 V upon increasing additions of BV6 in the electrolyte
DCM + TBAH in the range of 0-65 x 10~® M fitted the apparent linear with a computed
correlation coefficient of 0.9767; the CV experimental linear range was set to be from 1 to
18 x 107° M and is displayed clearly in Figure 9b, after background current subtraction.
The detection limit LOD was estimated as 3.5 x 10~® M. Using the respective areas under
the curves from —0.52 V up to 0.04 V, instead of the peak values, provides a respective LOD
of 1.5 x 107% M, where the endpoint of each curve has been subtracted as baseline.

Figure 10 shows the CVs of a bare G-5iO, /FTO film electrode before and after the
progressive addition of increasing concentrations of BV6. A slight progressive increase
in the anodic current occurs at +0.3 V due to the addition of 25-75 x 10~° M (there is no
increase for lower concentrations) of BV6 in DCM + TBAH electrolyte solution. The quite
weak anodic peak is probably also due to the oxidation of BV6 on the surface of the bare
film electrode which could also slightly contribute to this. This suggests that the supporting
material (the conducting glass and the film of graphite paste and SiO,) is also slightly
catalytic toward the oxidation of BV6. This is quite advantageous as there is a synergy
between the bare film electrode and the specificity of the perovskite catalyst, producing a
hybrid catalyst which is more active than the individual materials.

The reproducibility of the perovskite-modified film electrodes was also tested. Five
separate films were prepared under the same conditions and were tested for the voltammet-
ric determination of BV6 and gave very similar results with a relative standard deviation
of 4%.

Finally, the stability of the perovskite-modified film electrodes was tested. After their
use as a sensor for the detection of BV6, they were stored at room temperature for up to
four months without losing their voltammetric response towards BV6 detection. They
maintained their OA absorption spectra, while the PL showed some defect states, which
were reverted after a long storage period. In Figure S1, the CVs of a four-month-old
perovskite-modified film electrode after the addition of increasing BV6 concentrations
are exhibited. Both anodic peaks due to the addition of BV6 could be observed. How-
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ever, it is not recommended to reuse these composite films as their prolonged use could
trigger issues like desorption of the perovskite from the surface of the film, due to its Pb
content. Also, there is the possibility that there are minute traces of BV6 adsorbed at the
composite electrode, rendering it less sensitive after multiple usage. Through observa-
tions, the active perovskite compound allows BV6 electrochemical measurements even
after a period of four months, as evidenced by the OA and PL patterns, while even the
four-month-old perovskite can still perform BV6 detection measurements as evidenced in
the Supplementary Information Figure S1. This is the first study of the use of a modified
electrode for the electrochemical determination of BV6.
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Figure 10. CVs at 0.1 V/s of a bare GS5iO, /FTO film electrode in DCM 0.1 M TBAH in the absence
and presence of increasing concentrations of BV6.

3. Materials and Methods
3.1. Chemicals

Lead bromide (PbBr,, 99.999% trace metals basis), methyl amine (CH3NH,; abbr.
MA, 40% solution in water), N,N’-dimethylformamide (DMF, 99.8%), dimethyl sulfoxide
(abbr. DMSO, anhydrous, >99.9%), hydrobromic acid (HBr, ACS reagent, 48%), and
tetra-n-butylammonium hexafluorophosphate (TBAH, 98%) were purchased from Acros
Organics (Geel, Belgium); dichloromethane (DCM), and sodium silicate (Na,SiO3) were
supplied by Fisher Chemicals (Hampton, NH, USA); FTO TEC15 glass slides (2.2 mm
thick and 15 Ohm/sqr sheet resistance) were purchased from XOP Glass, Castellon, Spain.
Graphite powder (synthetic, APS 7-11 micron, 99%) was obtained from Alfa Aesar (Kandel,
Germany). BV6 (4-butyl-N,N -bis{[2-(2H-tetrazol-5-yl)biphenyl-4-yl]methyl}imidazolium
bromide) was supplied by NewDrug P.C., Patras Science Park (Patras, Greece), which
also provided any needed nuclear magnetic resonance data or high-performance liquid
chromatographic results.

3.2. Preparation of Graphite/SiO, Film Electrodes

The G-SiO;, film electrodes were prepared as reported previously [2]. In brief, 300 mg
of silicate liquid polymer (50% NaySiO3, pH 12-13) was mixed with 20% of its weight
in graphite powder and placed under stirring for homogenization at 40 °C, acquiring
a paste-like texture. The paste was then sonicated for 2 min. After that, 100 uL of the
silicate/graphite paste was applied on the surface of a clean conducting FTO glass slide by
the “doctor blade” technique (coating process). Before the application of the paste, the FTO
glass slide was masked with 3M Magic Scotch tape (type 810, thickness 62.5 um) for the
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control of the thickness and width of the area spread. The resulting G-SiO; films were then
allowed to dry at room temperature before being heated at 330 °C for 100 min. The final
G-SiO, /FTO films were divided in 2.5 x 1 cm? samples.

3.3. Perovskite Synthesis and Its Immobilization on the G-SiO,/FTO Electrode

Synthesis of the 3D CH3NH3PbBr; was conducted by dissolving 367 mg of PbBr;
in 3 mL DMF with the continuous addition of 0.5 mL HBr, while stirring at 80 °C until
an optically clear solution was obtained. In a different vial, 31 mg of methylamine was
mixed in a solution containing 1 mL HBr and 2 mL DMF and left under stirring, without
heating, for 1 min. The two solutions were then mixed, yielding a bright orange precipitate.
Afterwards, the mixture was filtered to obtain the orange crystals. The rest of the solution
was placed in a Petri dish at 80 °C until more crystals were formed and the solvents were
fully evaporated. For the preparation of the film, 60 mg of 3D Br perovskite was dissolved in
200 uL DME, yielding a transparent solution. Afterwards, 40 uL of the perovskite dissolved
solution was drop-casted on the surface of the G-SiO, /FTO electrode (size: 2.5 x 1 cm?).
Finally, these film electrodes were left to dry at 60 °C for 24 h.

3.4. Preparation of the BV6 Solution
BV6 (4-butyl-N,N-bis{[2-(2H-tetrazol-5-yl)biphenyl-4-yllmethyl}imidazolium bromide)
is a synthetic designed molecule synthesized by NewDrug P.C. [28].

3.5. Characterization of Perovskite/G—SiO,/FTO Hybrid Electrode Films

The G-5i0, films on FTO glass substrates, with or without perovskite attached on their
surface, were characterized by power X-ray diffraction (XRD), within the 26 value range of
2-80°, using a Bruker D8 Advanced X-ray diffractometer (Bruker AXS GmbH, Karlsruhe,
Germany) equipped with a Lynx Eye detector and Ni filtered Cu Ka radiation. The surface
morphology and thickness of the perovskite/G-5iO; films on FTO glass, as well as their
chemical composition, were analyzed by a ZEISS EVO MA 10 scanning electron microscope
equipped with an energy dispersive spectroscopy (EDS) analyzer (Oxford Instrument,
Abingdon, UK) with 127 eV resolution.

3.6. Optical Measurements

All measurements were performed under air at room temperature. Specifically, the UV-
Vis optical absorption spectra were recorded on a UV-1800 Shimadzu spectrophotometer
(Shimadzu Europa, Duisburg, Germany) in the range of 200-800 nm, at a sampling step
of 0.5 nm, using 1.5 nm slits. As a light source, a combination of halogen and deuterium
(Dy) lamps were used. The samples were measured as thin or thick spin-coated films
on quartz substrates. The same samples were mounted in a Hitachi F-2500 fluorescence
spectrophotometer (Hitachi Ltd., Tokyo, Japan) employing a xenon 150 W lamp and an
R928 photomultiplier, and their photoluminescence spectra were recorded.

3.7. Electrochemical Measurements

The electrochemical behavior of the film electrodes was investigated by cyclic voltam-
metry using an Autolab PGSTAT101 potentiostat (Metrohm Autolab, Utrecht, The Nether-
lands) and a 5 mL conventional three-electrode electrochemical cell, with a platinum wire
counter electrode, a Ag/AgCl/KClg,; reference electrode, and a perovskite/G-5iO; film
on FTO glass as the working electrode. The electrolyte solution used was 5 mL DCM with
0.1 M of TBAH. The same experimental setup and conditions were used in the determina-
tion of BV6 in a solution. An aqueous BV6 stock solution (dissolving 15 mg of BV6 in 1 mL
distilled water) was spiked into the cell using a micro-syringe. Cyclic voltammograms
(CVs) were recorded 1 min after each BV6 addition. All electrochemical measurements
were carried out at room temperature.
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4. Conclusions

In the present work, an HOIS was used successfully to modify the surface of a G-SiO,
film electrode on a conducting glass FTO substrate to fabricate a promising, sensitive
voltammetric sensor for bisartan BV6, a possible agent for treating hypertension and
COVID-19. The perovskite-modified film electrode exhibits an enhanced electrocatalytic
activity towards the oxidation of BV6 with a relatively low LOD (1.5 x 10~-® M), high
reproducibility, and stability towards BV6 determination. This approach could easily be
extendable to many other drug analytes by selecting the proper perovskite material as
the modifier, and this material could be used to develop low-cost modified electrodes for
disposable sensing.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/inorganics11120485/s1, Figure S1: CV scans at 0.1 V/s of a four-month-old
perovskite-modified G-SiO, /FTO hybrid film electrode in the absence and presence of increasing
concentrations of BV6 in DCM and 0.1 M TBAH electrolyte.
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Abstract: In this work, the deposition of titanium nitride (TiN) thin film using direct current (DC)
sputtering technique and its application as diffusion barriers against copper interconnect was pre-
sented. The deposited film was analyzed by using X-ray diffraction (XRD), field-emission scanning
electron microscopy (FESEM), and X-ray photoelectron spectroscopy (XPS) techniques. XRD patterns
showed the face-centered cubic (FCC) structure for the TiN/SiO,/Si film, having (111) and (200)
peaks and TiN (111), Cu(111), and Cu(200) peaks for Cu/TiN/SiO,/Si film. FESEM images revealed
that the grains were homogeneously dispersed on the surface of the TiN film, having a finite size.
XPS study showed that Ti2p doublet with peaks centered at 455.1 eV and 461.0 eV for TiN film was
observed. Furthermore, the stoichiometry of the deposited TiN film was found to be 0.98. The sheet
resistance of the TiN film was analyzed by using a four-point probe method, and the resistivity was
calculated to be 11 puC) cm. For the utilization, TiN film were tested for diffusion barrier performance
against Cu interconnect. The results exhibited that TiN film has excellent performance in diffusion
barrier for copper metallization up to a temperature of 700 °C. However, at a higher annealing tem-
perature of 800 °C, the formation of Cu35i and TiSi, compounds were evident. Thus, stoichiometric
TiN film with high thermal stability and low resistivity produced in this study could be applied for
the fabrication of microelectronic devices.

Keywords: thin films; diffusion barriers; TiN; Sputtering; XRD

1. Introduction

While metallization is a strong technique for manufacturing integrated circuits built on
silicon substrates, interconnect materials, such as copper, are favorable for ultra-large scale
integration (ULSI) circuits, owing to higher resistance to electro-migration than aluminum
and its alloys and low electrical resistivity [1]. However, the electrical performance of
ULSIs is severely damaged or degraded by the copper and silicon contact because copper
diffuses into the silicon or SiO,, even at low temperatures [2]. Therefore, a barrier between
the copper and the silicon is of high importance to separate the two layers. Besides, the
required barriers should not only have the property of resisting copper penetration, but
they should also be highly adhesive [3]. So far, refractory metal nitrides are being used
as promising diffusion inhibitors, owing to their high thermal stability, conductivity, and
melting point.

Different refractory metal nitrides, such as Ti-N [4-6], W-N [7], Zr-N [8], Ta-N [9-11],
and TiZr-N [12-15] have been used for their applications as diffusion barriers in copper
metallization. Nanocrystalline TiN, however, has gained substantial attention due to its
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hard metallurgical coatings [16]. Additionally, it has the property of showing different
colors on different types of surfaces. Furthermore, the deposition of TiN on any type of
surface is relatively easy, as compared to other nitrides, providing a chemically stable
coating. Stoichiometric crystalline TiN films with a NaCl-type face-centered cubic structure
are found to be good conductors of electricity, as they show golden color and are found to
be ideal candidates as diffusion barriers [17]. Furthermore, the stoichiometric TiN films re-
sulted in low resistivity. Therefore, TiN films deposited with different deposition processes
and at different deposition conditions possess diverse microstructural properties [1,2].
Therefore, in order to achieve better performance of TiN thin films, deposition process and
deposition parameters need to be optimized. Much research has been performed so far
to understand the effect of deposition conditions on the properties and structure of TiN
films [2,3]. Additionally, several deposition methods have been employed so far for the
deposition of nanocrystalline TiN films [6-10]. Direct-current (DC) sputtering, however, is
considered to be most promising deposition technique for obtaining stoichiometric TiN
films among the various physical vapor deposition (PVD) techniques. The sputter method
has the advantage of low gaseous contamination, compositional homogeneity, and good
adhesion between the substrate and deposited films. Additionally, films of different mor-
phological and crystal structures can be produced [11]. A study [11] shows that thinner
diffusion barriers employed in metallization, showing stability at high temperatures, are
the future research direction. The effect of thickness and resistivity of diffusion barriers on
copper interconnect resistivity is given by the relation [18].

1.7 pQ cm
) () + (3) () o F 2 )

where, height and width of metal interconnects are given by M1 and M2, and B and pb are
the thickness and resistivity of diffusion barriers, respectively. Apart from thickness effect,
copper interconnect resistivity is also affected by the resistivity of diffusion barriers based
on Equation (1). Therefore, low resistive diffusion barrier yields a low resistive copper
interconnect. Therefore, in order to have an effective application of TiN for diffusion barrier
in microelectronic devices, we need to focus on the thermal stability of the low resistive
TiN films. Thus, TiN films with low resistivity, good stoichiometry (golden color film), and
high thermal stability are highly desired.

The aim of this work was to produce a high temperature stable stoichiometric TiN film
with low resistivity using DC sputtering technique. The diffusion barrier performance of
the TiN film for copper interconnect has been investigated at high temperature of ~700 °C
for its successful utilization in microelectronic devices. This study will provide a clear
direction towards the fabrication of microelectronic devices with high thermal stability and
high performance.

)

p(Cu) = K

2. Results and Discussion

The XRD pattern of as-deposited TiN film is shown in Figure 1a, where single phase
and face centered cubic (FCC) symmetry, with (111) and (200) crystal planes, having a
(111) plane, as preferred its orientation, can be observed. The calculated d-spacing values
are in good agreement with the standard JCPDS (65-5759) for TiN structure. Scherrer’s
formula [2] was used to calculate the grain size (D) of the film, and the grain size was found
to be ~42 nm.

Figure 1b shows the XRD patterns acquired from the Cu/TiN/SiO,/Si film. In
Figure 1b, the diffraction peaks of as-deposited film of Cu/TiN/SiO,/Si and annealed
at 700 °C and 800 °C can be clearly seen. It could be observed, from Figure 1b, that, for
as-deposited Cu/TiN/SiO, /Si film, the peaks correspond to TiN (111), Cu (111), and Cu
(200) are detected. On annealing at a temperature of 700 °C, the intensity of Cu (111)
and Cu (200) peak increases. However, on further annealing the film at 800 °C, there is a
sharp decrease in intensity of Cu (111) peak, and subsequently diffraction peaks of TiSi,
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30f10

and Cu3Si peak appear, which indicate intermixing of Cu and Si through the TiN film.
Therefore, it can be concluded that, above 700 °C, the barrier fails. Additionally, the Cu
peak in the XRD pattern (Figure 1b) disappears, which is an indication of Cu diffusion
through the barrier film. The Cu becomes diffused into the Si to form Cuj3Si.
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Figure 1. XRD patterns of (a) TiN film deposited on Si/SiO, substrates at 3 sccm nitrogen flow,
(b) Cu/TiN films deposited on Si/SiO; substrates for as-deposited, annealed at 700 °C, and 800 °C.

XPS survey spectra for TiN film (not shown here) indicate that the film is not only
composed of Ti and N, but also a small amount of Oxygen (O) and Carbon (C). However,
the presence of O and C in the measurement could be attributed to the existence of ambient
atmosphere in the analysis chamber during the XPS analysis [19]. XPS core level spectra in
the Ti2p and N1s regions for the sputtered TiN film are shown in Figure 2. The presence of
the binding energy doublet peaks for TiN at 455.1 eV and 461.0 eV [20] can be observed
from Figure 2a. Deconvoluted Ti2p and N1s spectra for deposited TiN film are shown in
Figure 3.

Ti2p
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Figure 2. XPS spectra of (a) Ti2p, and (b) N1s for the deposited TiN film at 3sccm nitrogen gas flow.
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Figure 3. Deconvoluted XPS spectra of (a) Ti2p and (b) N1s for TiN film deposited at 3 sccm
nitrogen tflow.

It can be seen, in Figure 3a, that the Ti2p3,, peaks can be fitted with two mixed
Gaussian—Lorentzian curves, with binding energy of the first peak centered at 455.1 eV
for TiN [20] and the second peak corresponds to TiO; and is observed at 457.8 eV [20].
However, it was noted that Ti2p, /, has only one peak at 461.0 eV for TiN [20]. The N1s
fitting shows only one peak, as shown in Figure 3b, with a peak centered at 397.1 eV [20].
The N1s photoelectron peak position of TiN film is found to vary from 396.3 eV to 397.7 eV,
as mentioned in the earlier reports [21]. However, reportedly, the N1s spectrum of pure
nitride has full width at half maxima (FWHM) of about 1.6-1.9 eV and is of simple Gaussian
shape [22]. The presence of oxygen in the film may be due to the use of commercial nitrogen
gas, which can have some amount of oxygen impurities [23]. The stoichiometry of the
TiN film was found to be ~0.98, as obtained from XPS analysis. It has been reported
earlier that [17] the nitrogen vacancy is the most significant defect in sub-stoichiometric
compositions, and for over-stoichiometric case, excess nitrogen acted as an interstitial defect.
In the present work, only nearly stoichiometric nitride film was grown and investigated to
avoid any interference from the composition variations of nitride film.

Figure 4 shows the FESEM image, EDX spectrum, and cross-sectional FESEM image
for the as-deposited TiN film. It can be seen from the FESEM image (Figure 4a) that the
grains of finite size are uniformly distributed on the surface of the film. The grain size is
found to be ~40 nm, as shown in Figure 4a. EDX analysis gives the percentage composition
so as to obtain the stoichiometric of TiN film. The stoichiometry of the TiN film was found
to be 0.98. The stoichiometry obtained by EDX (Figure 4b) is found to be comparable with
the XPS result.

(b)

Eneray |

g

V)

Figure 4. (a) FESEM and the corresponding (b) EDX and (c) cross-sectional FESEM images of the TiN
film at 3 sccm nitrogen gas flow rate.
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The cross-sectional image of the TiN film can be seen in Figure 4c. As can be seen from
Figure 4c, that film is dense, with columnar structures, which is often the uniqueness of the
DC sputtered films. The thickness of the film was found to be ~290 nm.

Figure 5 shows the FESEM images of the Cu surface for as-deposited and annealed
Cu/TiN/SiO,/Si films. As can be seen from FESEM image in Figure 5a, the surface of
as-deposited Cu film remained smooth, and there were no visible defects, which can
also be confirmed from EDX spectrum (Figure 5b). However, at 800 °C (see Figure 5c¢),
Cu almost disappeared from the surface, and large conglomerations are formed, having
many defects and voids. From the EDX spectrum (see Figure 5d), it can be seen that these
conglomerations mostly comprise Cu and Si, which confirms that the conglomerations are
mainly Cu3Si. The results obtained by EDX analysis are in good agreement with the results
attained by XRD.

Cu (b) Cu Si ( d)
Cu
Cu
J i" T; Ti l Cu I -
123A45678910 1 2 3 4 5 6 7 8 9 10
Energy (keV) Energy (keV)

Figure 5. (a) FESEM and corresponding (b) EDX spectrum of as deposited Cu/TiN/SiO, /Si system.
(c) FESEM and the corresponding (d) EDX spectrum of Cu/TiN/SiO,/Si system annealed at 800 °C.

The electrical resistivity of the obtained TiN film was found to be 11 pu() cm. Variation
in the resistivity of the film can be observed due to many parameters, such as thickness,
structure, texture, stoichiometry (N/Ti), and impurity concentrations in various layers [24].
The resistivity of CVD-deposited TiN film has been reported to be of the order of 100 u() cm
or higher [25], while a resistivity of 36 u() cm has been reported for the reactive sputtered
TiN films with a substrate bias of —100 V [3]. A 220 uQ) cm resistivity for reactively sputtered
films at 400 °C and a substrate bias of —40 V has also been reported earlier [17,26,27]. A
resistivity of 11 u() cm with a nitrogen flow of 3 sccm is obtained in this study, which was
found to be lower than the resistivities obtained in other studies [17,26,27]. As reported
earlier, a resistivity lower than 300 u() cm for TiN film is required in order to have its
diffusion barrier applications for ULSI generation, which clearly is an indication that TiN
film deposited here can be an ideal candidate for its successful usage as a diffusion barrier
in future applications [4].

Cu sheet resistance as a function of the annealing temperature was used to observe the
ability of diffusion barrier against copper diffusion. Figure 6 presents the variation percent-
age of sheet resistance as a function of annealing temperature for the Cu/TiN/SiO, /Si film
and is compared with the Cu/SiO;/Si, as calculated using Equation (2). The resistivity of
the as-deposited Cu film was found to be ~2.3 p(2 cm, which is slightly higher, as compared
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to the bulk value (bulk value: 1.7 pQ) cm). For both the films, the average value of sheet
resistance initially decreases after annealing with respect to that of as-deposited films. This
could be due to the grain growth and defect annihilation of the Cu films during annealing.
The sheet resistance of Cu/SiO,/Si film is found to increase drastically at a temperature
above 200 °C, concluding that the film without a TiN barrier cannot withstand at high
annealing temperature. However, the sheet resistance for Cu/TiN/SiO, /Si barrier film
starts to increase abruptly at an annealing temperature above 700 °C. Additionally, the color
of Cu changes from reddish—yellow (the color of Cu) to gray. This increase in the resistivity
is associated with the fact that thermally activated Cu atoms begin to diffuse into the Si
substrate through the TiN barrier. Therefore, with increasing annealing temperature, Cu
atoms create larger amounts of defects, i.e., the formation of Cu3Si and the sheet resistance
of Cu films tends to increase drastically, resulting in the increase in electrical resistance. The
outcome reveals that TiN barrier film is stable up to an annealing temperature of 700 °C for
60 min. However, drastic increases in the sheet resistance were observed after annealing
above 700 °C for the Cu/TiN/SiO, /Si film. Thus, TiN can be used as a diffusion barrier for
Cu metallization and can meet the future research direction of diffusion barriers. These
results of sheet resistance are also in good agreement with the results obtained by XRD anal-
ysis. The disappearance of Cu in the XRD pattern (Figure 1b) is a clear indication of a large
amount of Cu diffusing through the barrier film into Si substrate where it reacts with Si to
form Cus3Si on annealing at high temperature, which is also further confirmed by FESEM
images. Therefore, the development of high resistivity CuszSi corresponds to the drastic
increase in sheet resistance of Cu film. The failure mechanism of the Cu/TiN/SiO, /Si sys-
tem has been studied previously by I. Chen and J.L. Wang [28]. The suggested mechanism
is that Cu breaks Si-Si bonds as it reaches the TiN/SiO, /Si interface and Si point defects
generated there, which resulted in the formation of Cu3Si and TiSi,. Therefore, it is highly
anticipated that, as copper promotes the formation of silicides, Cu may act as a catalyst for
the silicidation of TiN in this study. In addition, the concentration of these point defects is
greatly increased during thermal annealing and supports the reaction of Si with TiN, and
then the formation of Cu3Si and TiSi. Therefore, the failure of a multilayered system can
be determined when the high resistivity of the film is obtained.

- i--—- (Cu/SiO,/Si)
. | —®— (Cu/TiN/SiO_/Si)
150 -
o~ -
X =
~ 100 -
2
14
E “
< 504
@
04 .‘Q- /
@ o—oe—o—o
0 200 400 600 800 1000

Annealing Temperature (°C)

Figure 6. Plot of sheet resistance (%) vs. annealing temperature for Cu and Cu/TiN films deposited
on Si/SiO, substrates.

A compilation of diffusion studies reported earlier has been shown in Figure 7. The
results of this work have been compared with these previous reports. L. Slot et al. [29]
performed in situ measurement of sheet resistance, backscattering, and XRD analysis to
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monitor the reaction between Cu and Si and to obtain the results of overall compositions. It
was observed that CuzSi phase with various concentration of Si ranging from 17-20 at.%
was formed at temperature of about 200 °C on crystalline Si. Shin et al. [30] reported the
deposition of TiN barrier film using flow modulation chemical vapor deposition (FMCVD)
technique with titanium tetrachloride and ammonia. Diffusion barrier results showed
that, at 400 °C, Cu became diffused through the TiN layer, resulting in copper silicides.
In order to improve the diffusion barrier property, Shin et al. introduced a monolayer of
Al atoms between the two TiN films. Their results showed that, for TiN films with a Al
interlayer, there is enhancement in the diffusion barrier, and the diffusion of Cu through
the barrier occurred at a temperature of 500 °C, which is higher than that of their TiN
film without a Al interlayer. In general, at a temperature as low as 200 °C, the formation
of Cu-5i compounds occurs, which resulted in the increase in sheet resistance of Cu film
in the Cu/barrier/Si samples. In another work, Chaipyang et al. and Kim et al. [31,32]
showed that the sheet resistance of Cu/TiN/Si film remains stable after annealing up to
a temperature of 600 °C. However, the sheet resistance was found to increase drastically
after annealing above 600 °C due to the formation of Cu3Si. Therefore, it can be seen clearly
that the thermal stability of TiN film obtained in this work is higher (~700 °C) than the
other reported works, and the TiN film produced in this work is stoichiometric and has
lower resistivity.

400
' CulTiNISiO, I Chiapyhg et al.
300 |
Shin et al.
A . l=‘4
33 2004 L. STOLT- CulSiO,
14
E 100 - - im et al
-—l—'l—l-l
0 ""‘*a: l—l-—l— This Work

0 200 46{1 " 600 363 1000
Annealing Temperature ( C)

Figure 7. Plot of sheet resistance (%) vs. annealing temperature for TiN films deposited on Si/SiO,
substrates and its comparison with earlier reports [29-31].

3. Experimental Details

In order to have a successful deposition of TiN film, a DC magnetron sputtering
technique with a commercial titanium (Ti) target (purity 99.99%, 100 mm and 5 mm
diameter and thickness, respectively) was used. Prior to the deposition, Si/SiO, (100)
substrate was oxidized for 1 h in a furnace at 1000 °C, and it was further cleaned with
acetone and methanol in ultrasonic baths. The substrate was clamped on the substrate
holder at a distance of 12 cm from the target. The chamber was maintained at 1 x 10°
torr vacuum condition. Once the desired vacuum was achieved, the chamber was then
filled with argon and nitrogen gas, as per the required working gas flow. The target was
pre-sputtered for 5 min in argon gas before introducing nitrogen gas into the chamber. The
argon and nitrogen gas flow rates were fixed at 10 sccm and 3 scem, respectively, during
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the deposition process. The substrate temperature of 200 °C and DC power of ~350 W were
maintained throughout the deposition process.

The thermal stability of the TiN film for diffusion barrier was studied against Cu/Si
metallization. DC sputtering technique described above with a commercial copper (Cu)
(purity 99.99%, 100 mm and 5 mm diameter and thickness, respectively) was used for the
deposition of Cu film. The Cu film was deposited on a TiN/SiO, /Si substrate, and the sub-
strate was fixed to a substrate holder at a distance of ~12 cm from the target. The chamber
was maintained at 1 x 10~° torr vacuum condition. The DC power was fixed at ~350 W,
and argon gas flow rate was maintained at 10 sccm throughout the deposition process. The
target was pre-sputtered for 5 min in argon gas before the deposition. The deposition of
the film was performed for 8 min, and, to avoid any type of diffusion within the layers, the
substrate was kept at room temperature. After deposition of Cu film of ~350 nm, the heat
treatment of Cu/TiN/SiO; /Si sample at 200-1000 °C for 60 min was performed in vacuum
with pressure maintained at 6.7 x 10° torr during each annealing condition.

Cu sheet resistance as a function of the annealing temperature was used to observe
the ability of the diffusion barrier against Cu diffusion. The variation percentage of sheet
resistance (AR;/R;%) is defined in Equation (2):

ARs,
Yo =
Rs Rs,asfdeposited

Rs,after—anneal - Rs,as—deposited

x 100% @)

The crystallographic structure and texture of the TiN/SiO, /Si and Cu/TiN/SiO, /Si
films were studied within the scan range of 35 to 50° using X-ray powder diffractometer
(XRD) (X'pert MPD 3040) with 40 kV and 30 mA operating parameters, using CuKa
(1.541 A) radiation. The chemical and phase composition of TiN film was studied using X-
ray photoelectron spectroscopy (XPS) (ESCALAB 250 XPS) with a VG-Scientific Sigma Probe
spectrometer, having a monochromated Al-Ka source with hemispherical analyzer. The
sample was etched using a 3 keV argon ion beam prior to the analysis until the 1 s peak of
oxygen reached a minimum stable value. The morphological study and the thickness of the
deposited TiN/SiO, /Si and Cu/TiN/SiO, /Si films were performed using field-emission
scanning electron microscopy (FESEM) (TESCAN; MIRA II LMH microscope) attached with
Energy Dispersive X-ray (EDX) analysis. The resistivity study for the deposited films were
performed using four-point probe (Keithley-2002) method operated at room temperature.

4. Conclusions

In summary, TiN film has been successfully deposited on SiO, /Si substrate using DC
sputtering technique at 3 sccm nitrogen gas flow rate, and its barrier performances and
failure mechanisms were studied. The structural, morphological, and electrical properties
of the as-deposited TiN/SiO,/Si and Cu/TiN/SiO,/Si films were analyzed. The XRD
patterns revealed the presence of face centered cubic (FCC) phase for TiN/SiO, /Si, having
(111) preferred orientation and a grain size of ~42 nm, was obtained. The existence of
different phases on the film surface was observed from the XPS analysis. Doublet peaks
of Ti2p, corresponding to TiN and TiO,, were observed in the spectra of TiN film with
stoichiometry of 0.98 for TiN. The FESEM images show a uniform distribution of finite-
sized grain on the surface of film with a columnar structure. The electrical resistivity of
~11 pQ) cm was achieved. In particular, high crystallinity, high stoichiometry, and lower
resistivity TiN film have been obtained. The diffusion barrier property shows that TiN film
can be used successfully as diffusion barrier for metallization in Cu up to a temperature of
700 °C, and, upon further increase in temperature to 800 °C, the diffusion of Cu through
the barrier occurred. The failure of diffusion barrier at higher annealing temperature is
due to the formation of various copper silicide phases. The present study shows that the
structural stability of TiN film at high temperatures possesses key parameters that improve
the barrier properties.
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Abstract: This work presents a new ultra-high vacuum cluster tool to perform systematic studies of
the early growth stages of atomic layer deposited (ALD) ultrathin films following a surface science
approach. By combining operando (spectroscopic ellipsometry and quadrupole mass spectrometry)
and in situ (X-ray photoelectron spectroscopy) characterization techniques, the cluster allows us to
follow the evolution of substrate, film, and reaction intermediates as a function of the total number of
ALD cycles, as well as perform a constant diagnosis and evaluation of the ALD process, detecting
possible malfunctions that could affect the growth, reproducibility, and conclusions derived from
data analysis. The homemade ALD reactor allows the use of multiple precursors and oxidants and its
operation under pump and flow-type modes. To illustrate our experimental approach, we revisit
the well-known thermal ALD growth of Al,O3 using trimethylaluminum and water. We deeply
discuss the role of the metallic Ti thin film substrate at room temperature and 200 °C, highlighting the
differences between the heterodeposition (<10 cycles) and the homodeposition (>10 cycles) growth
regimes at both conditions. This surface science approach will benefit our understanding of the ALD
process, paving the way toward more efficient and controllable manufacturing processes.

Keywords: ALD; in-situ; operando; XPS; ellipsometry; QMS

1. Introduction

Appeals from national and supranational institutions have become more frequent
and imperative regarding the scarcity of critical materials and the effects of anthropogenic
climate change. To minimize the global hazardous impact of these threats, the path towards
the so-called green energy transition requires not only novel materials and technologies
but also higher efficiency and sustainability of current processing techniques and devices.

In this context, atomic layer deposition (ALD) has gained increased attention in the last
decades due to its potential use in microelectronics for device miniaturization, thanks to
the excellent control of thickness and conformality of structures with high aspect ratio, the
use of relatively low temperatures—f{rom room temperature (25 °C, RT) to 400 °C—and the
possibility of mixing different elements to grow mixed compounds, layers with different
doping levels, and complex heterostructures [1-4]. Moreover, the flexibility offered by ALD
has become very attractive for non-ALD specialists [5], finding multiple applications in
a great variety of fields away from the more traditional gate oxides in microelectronics,
such as photovoltaics [6,7], sensing [8,9], catalysis [10,11], or energy storage [12,13]. The
fast-spreading of ALD can be understood considering the basics of its fundamental prin-
ciples as well as its easy scalability and implementation in industrial processes; the ALD
mentioned strengths come from its self-limiting nature, achieved by subsequent pulses of
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reactants (organometallic precursors and corresponding co-reactants) that can only undergo
a self-limiting reaction with the available active surface sites within each sub-cycle [2,14].
Furthermore, the so-called area-selective ALD takes advantage of this self-limiting nature
of the ALD reaction mechanism by controlling the area where the growth occurs using
passivation strategies that inhibit the precursor-surface reaction [15-17].

Considering the capital importance of ALD chemistry, the rational design of ALD organom-
etallic precursors has become a hot research topic [18-21]. The requirements include (1) a suffi-
ciently high vapor pressure to minimize the pulse lengths together with a high decomposition
temperature, (2) a high reactivity towards the substrate surface to minimize any delays in the
nucleation process and significant deviation from the expected layer-by-layer growth, and
(3) no possibility of self-reaction when adsorbed on the surface or with the byproducts. The
precursors should also present low toxicity, low cost, and the possibility for scale-up.

However, searching for novel ALD precursors is not the only challenge; the reaction
mechanism for many ALD processes is not deeply understood yet, which limits the use of
optimized and controllable ALD processes in industrial applications. As stated by H. Sensteby
and coworkers [22], even for well-known processes such as the growths of Al;O3 or Fe;O3 on
hydroxylated Si surfaces using trimethylaluminum (TMA) and water or bis(cyclopentadienyl)
iron [Fe(cp),] and O3, the reported growth-per-cycle (GPC) values vary significantly between
1to3and 0.2 to 1.4 A/cycle, respectively. This experimentally observed lack of reproducibility
within the same process and under seemingly equivalent experimental conditions is not
consistent with a self-limited process. However, it must rather be related to (1) a lack of
control over the experimental parameters, i.e., uncontrolled dosing of precursors, inadequate
purging, real or virtual leaks in the reactor, reactor design, etc., and (2) the role of the substrate.
To diagnose the ALD process, several operando devices and techniques can be used, such
as quartz crystal microbalance (QCM) [23-25], ellipsometry [22,25-27], or quadrupole mass
spectrometry (QMS) [22]. In the first two cases, the GPC can be monitored by indirect measure-
ments of the thickness through changes in mass or light polarization, respectively, whereas
QMS allows good control of the precursor dose while enabling cross-checking of possible
reactor malfunction, e.g., the presence of vacuum leaks. Furthermore, these characterization
techniques can also be employed to study the reaction mechanism by precisely following the
evolution of the GPC under different conditions (substrate, temperature, pressure, dose and
purging time, etc.) [27,28], the presence and nature of byproducts [29-31], and the evolution of
film properties [27]. Similarly, the adsorbed intermediate states on the surface can be followed
by infrared spectroscopy under operando conditions [31,32].

Most of these techniques, however, are frequently used to study what S. Elliott calls
the homo-deposition regime, i.e., when the organometallic molecule interacts with the
relatively thick grown film and not during the hetero-deposition regime, i.e., when the
reaction takes place between the precursor and the substrate surface [16]. The differences
between these two situations, closely related to the steady-state and nucleation regimes,
respectively, are more significant when dealing with ultrathin deposits (below 10 nm
thickness), where the substrate plays a crucial role in terms of interfacial effects affecting
the ALD reaction mechanism and the ALD-layer properties.

Thanks to its probe depth (~10 nm maximum in conventional laboratory equipment)
and sensitivity to elemental oxidation state and without requiring a change in the dipole
moment of the probed species (as for infrared spectroscopy), X-ray photoemission spec-
troscopy (XPS) constitutes a potentially powerful tool to characterize the early stages of
growth, especially considering the evolution of the interface between film and substrate
and the intermediate species after each sub-cycle. Although the relatively high pressures
present in the ALD process (10~ to 10 mbar), the comparably high amount of impurities,
and the typical lack of a high crystalline order have prevented a classic surface science
approach like that applied to deposits grown using physical vapor deposition techniques
(e.g., molecular beam epitaxy), an increasing number of operando and in situ (also referred
as in vacuo) studies, have been reported in the last years. For instance, operando studies
have been recently performed using flow-type reaction cells in differentially pumped X-ray
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photoelectron spectroscopy (NAP-XPS) devices [33-35]. Due to the characteristic high
pressures of ALD processes, especially when a carrier gas is used, these operando and
time-resolved XPS experiments are typically limited to synchrotron facilities, although
some experiments have been carried out at standard NAP-XPS setups [36,37]. A more
typical scenario is the in situ approach, where the film is transferred under controlled
conditions, i.e., high or ultra-high vacuum conditions, from the ALD reactor to the analysis
chamber, thus preventing film/surface modification or the deposit of contaminants, e.g.,
adventitious carbon, after exposure to atmosphere. In this regard, multiple examples in the
literature can be found using lab-based tools [25,26,38,39] or synchrotron radiation [40-42],
where other X-ray-based techniques, apart from XPS, are used [43], such as X-ray reflec-
tivity (XRR), grazing incidence small angle X-ray scattering (GISAXS), X-ray fluorescence
(XRF), and X-ray absorption (XAS). As a drawback, cross-contamination between the ALD
reactor and the rest of the vacuum system due to the use of organic reactants at relatively
high pressures can be expected, thus making it necessary to either dedicate the system
entirely to ALD-based experiments or thoroughly clean the whole system after them. This
brief overview intends to show how the gap between the ALD and the surface science
communities has gradually dissipated in the last few years.

In the present work, we introduce our new cluster tool capable of combining operando
(spectroscopic ellipsometry and QMS) and in situ (XPS) characterization techniques to study
the complete ALD process, with particular emphasis on the very early stages of growth.
The homemade ALD reactor allows the use of organometallic precursors with different
vapor pressures and, particularly, the operation in the so-called flow (1-10 mbar) and pump-
type (10~4-10~3 mbar) modes, i.e., with and without carrier gas, respectively. To prove
the capabilities of the system and exemplify the surface science strategy applied in this
kind of experiment, we have revisited the well-known thermal ALD (T-ALD) deposition of
Al,O3 using TMA and water. By performing a quantitative XPS analysis and comparing it
with the results of ellipsometric measurements, we discuss the initial variations in the GPC,
emphasizing the influence of experimental factors on estimating the GPC values. We compare
the early stages of growth of Al,Os on polycrystalline Ti at two different temperatures (RT
and 200 °C) and discuss the role of TMA in the early passivation of the easily oxidizing
metallic Ti surface. To the authors’ knowledge, there are no systematic XPS studies targeting
the TMA /H,O interaction with metallic Ti surfaces and the influence of T-ALD processes
on modifying the film/substrate interface during the very early stages of growth, which
could have important implications for the growth of passivating coatings of highly reactive
surfaces [44-47]. Furthermore, ex situ characterization by transmission electron microscopy
(TEM) performed on nanostructured substrates will help to elucidate the influence of other
factors on ALD growth and demonstrate that special care must be taken when comparing the
same processes applied to substrates with different aspect ratios. We believe that this surface
science approach will improve our understanding of the fundamentals of the ALD reaction
mechanisms, thus paving the way to more efficient and controllable manufacturing processes.

The manuscript is divided into three main sections, followed by final conclusions.
Section 2 is divided into two subsections, referred to as the presentation and description of
the operando (ellipsometry and QMS) and in situ (XPS) characterization of the thermal ALD
(T-ALD) growth of Al,O3 ultrathin films (<10 nm) in both cases complemented with ex
situ TEM measurements. Subsequently, Section 3 will present a comprehensive discussion
of the previous measurements, highlighting the synergies from the combination of multiple
characterization techniques and how they can be used to cross-validate the scientific results
following a more classic surface science approach. The details of the experimental setup
and the ALD procedure are described in depth in Section 4.

2. Results
2.1. Operando Characterization

The T-ALD growth of Al,O3 was first characterized through ellipsometry as a diag-
nostic technique to confirm the self-limiting nature of the reaction mechanism. Figure 1a
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shows the evolution of thickness as a function of time for a growth performed at room
temperature (RT) on Si substrates with about 2 nm thick natural SiO, adlayer, showing an
almost ideal linear behavior indicating a constant GPC. The initial 3 A step after the first
TMA dose is probably related to the first adsorption of a complete layer of Al-CHj3 on the
substrate surface (the Al-C bond distance is ~2 A). Furthermore, the top left inset showcases
the typical modified step-like behavior associated with the ALD cycles. Here, the thickness
increases with the TMA dose due to the adsorption of the metallic cation together with
the remaining ligands and decreases after the H,O pulse due to Al-O bond formation and
the release of the methyl groups. The GPC estimated from these individual steps (taken
at the steady growth stage after more than 60 cycles) is about 1.0 A/cycle, corresponding
to the minimum values reported in the literature for equivalent ALD processes. Unlike
laser-based ellipsometers [27], the time between consecutive measurements and signal-
to-noise ratio does not allow for characterizing the steady states of the purging steps, i.e.,
when the thickness should be constant. This limitation prevents further analysis of possible
leaks or insufficient purging of the gas lines that would induce uncontrolled adsorption or
oxidation of the precursor, as shown elsewhere, e.g., for the growth of Ga;O3 using TMGa
and O, plasma [48]. Moreover, the bottom right inset displays a cross-sectional TEM image
of a nanostructured silicon substrate onto which a 5 nm thick, homogeneous Al,O3 layer
has been deposited under the same conditions, demonstrating a high conformality that is
especially remarkable at the edges.

The linear fitting of the ellipsometric measurements (Figure 1a, red) shows an average
GPC value of 0.65 A /cycle for the first 60 cycles, whereas if the fit is limited to the 10 first cycles
(blue), the GPC is only 0.56 A /cycle, a value much lower than those typically reported in
the literature, or even the one estimated above for a single step after more than 60 cycles.
This finding points toward a distinct difference in chemistry between the homodeposition
and heterodeposition cases that notably influence the growth rate. Therefore, we have
complemented this initial characterization with the XPS measurements performed after
subsequent complete ALD cycles.

Figure 1b shows the evolution of the substrate (Si 2p) and film (Al 2p) intensities
as a function of the total number of ALD cycles. By fitting the experimental data with a
layer-by-layer growth model of the form exp(—d/A) and (1 — exp(—d/A)), respectively [49]
(where d is the film thickness and A is the inelastic mean free path of the photoelectrons),
we obtain average GPC values of around 0.9 A /cycle for both substrate and film signals, as
expected. The previous growth model expressions allow calculating the instantaneous (i.e.,
referred to the individual deposition performed between subsequent XPS measurements)
and accumulated (i.e., considering the total number of ALD cycles until the specific XPS
measurement) GPC at individual points, as shown in Figure 1c (where the dashed lines
correspond to the average GPC values estimated in Figure 1b). Although the GPC con-
verges to the expected value above 60 cycles, there are some important deviations before
30 cycles. During the first 20 cycles, the GPC values estimated from both the substrate
and the film signals are lower, in the range between 0.5 and 0.7 A /cycle, in line with those
obtained from the ellipsometry data fit (Figure 1a, blue line), also validating the optical
modeling incorporating values of the indexes of refraction known for the bulk materials.
Moreover, there seems to be an abrupt increase after 30 cycles, probably related to a com-
plete coalescence of the alumina film (the XPS fitting model assumes a complete surface
coverage, which can result in slight deviations in the presence of initial nucleation delays
or film pinholes). It is worth mentioning that these sorts of singular deviations, especially
when considering a low number of cycles, could be critically influenced by insufficient
conditioning of the ALD reactor and the gas lines before deposition. This technical issue
can artificially modify the GPC during the first or second cycles and can easily be identified
by in situ ellipsometry measurements. In this case, however, we have not detected any
unusual behavior, and thus, the deviation of the instantaneous GPC estimated by XPS is
probably related to the applied model, as mentioned above.
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Figure 1. (a) Spectroscopic ellipsometry measurements showing the thickness evolution of T-ALD
AlyO3 on Si wafers using TMA and H,O at room temperature. The dashed red and blue lines (with
the corresponding values) show the fit performed for the first 60 and 10 cycles, respectively. The
semi-transparent blue box indicates the first 10 cycles where the corresponding fit is performed.
The top left inset depicts a magnified view of the ellipsometric data, showing the step-like behavior
of the ALD process and indicating the TMA, N, and H,O doses (time has been set to 0 at the
beginning of the cycle). The bottom right inset shows a cross-sectional TEM image of a Si-based
nanostructured substrate with a 5 nm thick Al,Oj3 layer deposited under the same conditions. (b) X-
ray photoemission spectroscopy (XPS) intensities of the Al 2p (squares) and Si 2p (circles) peaks as a
function of the total amount of ALD cycles and corresponding fittings (dashed lines) in red and black,
respectively. (c) Instantaneous (open symbols) and accumulated (filled symbols) GPC values as a
function of the total amount of ALD cycles estimated from XPS measurements.

Therefore, the GPC estimated from two different techniques (operando and in situ)
shows similar values and trends, highlighting the reproducibility of the process (mea-
surements taken on different samples) and the possibility of obtaining complementary
information, especially during the early stages of growth where more significant deviations
from the ideal linear growth are expected owing to the special chemistry at the interface. It
is worth noting that the GPC values obtained from both techniques depend on the applied
model, in both cases assuming a continuous layer from the beginning. In particular, in the
applied ellipsometric model, the refractive index and extinction coefficient (see Section 4)
were derived from thicker films and assumed to remain constant while analyzing thinner
films. This approach could slightly modify the estimated GPC for low coverages.

The ALD process at RT and 200 °C has also been followed by QMS in multiple ion
detection modes, as shown in Figure 2 for the m/z = 18 (H,O) and m/z = 16 (CHy) signals
as a function of time. As a result of the reaction between the TMA molecule with the
substrate (and reactor walls) and subsequent oxidation with water, two pulses of residual
CHy,4 are measured just after the TMA and H,O dose, as extensively reported previously
in the literature [29,31]. In particular, on SiO, surfaces, it has been shown that increasing
the temperature to 200 °C increases the release of TMA ligands, i.e., methyl groups, from
approximately one to two [50-52]. This effect is well reproduced by the ratio of the CHy4
integrated areas of the TMA and H,O sub-cycles, giving 1.4 and 2 for the RT and 200 °C
growth, respectively. Moreover, in the case of treating with a well-known system where the
reaction mechanism is well established [53], QMS can also be used to diagnose the ALD
process. By comparing the processes at (a) RT and (b) 200 °C, we notice an H,O signal
when the TMA is dosed at a substrate temperature of 200 °C compared to the RT growth.
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As the growth at high temperature (shown in Figure 2b) was performed immediately after
the RT process on a second substrate, we believe this water comes from a virtual leak due
to cold spots on the reactor walls (which were nominally heated up to 120 °C), leading
to HyO signals in the QMS measurements only if there is some other gas, TMA or N,
acting as carrier gas (thus explaining also the increase in water after the second N, purge
pulse). The presence of this extra water could explain why the estimated GPC at 200 °C by
ellipsometry is slightly higher than expected, around 1.6 A /cycle compared to the theoretical
1.3 A/ cycle [52]. Nevertheless, this technical issue can easily be minimized by baking out
the ALD reactor before further depositions, mostly eliminating the water excess (as verified
by QMS). Despite this virtual leak, however, the ALD process preserves its self-limiting
behavior without becoming a CVD process, as indicated by the XPS and ellipsometric
measurements and the GPC saturation when increasing the TMA pulse duration.
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Figure 2. Quadrupole mass spectrometry (QMS) measurements for T-ALD of Al,O3 on Si wafers
at (a) RT and (b) 200 °C following the m/z = 18 (H,O, blue) and m/z = 16 (CHy, black) signals as a
function of time.

We note that no signal from Al-containing species was detected, possibly indicating
that all the TMA is completely consumed at the sample surface and reactor walls. As
the increase in TMA dose does not lead to a higher GPC as measured by ellipsometry,
i.e., saturation of the process at the sample surface, the saturation on the reactor walls
between the sample and the QMS is not fully achieved (and thus, the ALD chemistry is
not exactly the same in all exposed surfaces). This fact implies that the current QMS setup
(see Section 4 Materials and Methods) properly works for ALD-process monitoring but
presents limitations for detailed mechanistic studies. Due to space limitations, the current
QMS configuration without the use of a capillary [29] or an orifice [30] directly positioned
above the sample surface is not ideal for these thermal-ALD experiments using TMA /H,O.
The wide temperature window of the process implies that the entire inner reactor surface
will contribute to the byproduct signal in the QMS measurements as it is coated with
alumina, limiting the sample specificity in this test case. This situation is critical if different
reactions take place on different surfaces. Therefore, the shown QMS measurements prove
the possibility of combining multiple characterization techniques simultaneously, not only
for ALD-process characterization but also for diagnosing the experimental setup.

2.2. In Situ Characterization

To prove the relevance of the XPS technique for understanding the initial stages of
growth, we shift to metallic Ti substrates in this subsection (thermally evaporated Ti films
on Si wafers at RT, see Section 4), as we expect a more complex interaction between the
substrate, film, and ALD precursors due to the high reactivity and facile oxidation of
metallic Ti compared to SiOy/Si surfaces.

Although reliable ellipsometry measurements cannot be performed when using these
substrates due to their relatively high roughness, quantitative XPS analysis using the same
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treatment as described before shows GPC values in the order of 1 A/cycle, confirming
that the T-ALD process remains basically the same. Moreover, Figure 3 shows the atomic
concentration of Ti, O, Al, and C estimated from XPS measurements as a function of the
total number of ALD cycles. As expected, we observe an exponential decrease in the Ti
concentration and a simultaneous increase in the Al content. More interesting are the
behaviors of oxygen and carbon. On the one hand, the RT growth shows an almost parallel
increase in the O and Al signals, whereas at 200 °C the oxygen increases more quickly than
the Al concentration until an O/ Al ratio of 2.3 for both temperatures is reached, indicating
an excess of oxygen in the alumina film probably due to a hydroxyl-terminated surface and
potential diffusion of water molecules on the top layer [54-56]. The differences between the
interface regions are related to the partial oxidation of the Ti substrate at higher temperatures,
as described in the following paragraphs. On the other hand, the carbon concentration
starts increasing in both cases (in line with the initial adsorption of TMA at the surface, as
seen in the ellipsometry measurements in Figure 1a), almost disappearing afterward at high
temperatures whereas it stabilizes at about 10% at RT, pointing to a lower efficiency of the
oxidation step owing to the incomplete removal of the methyl ligands. Furthermore, the
initial increase in carbon in both cases indicates that the reaction mechanism slightly differs
between the heterodeposition, i.e., the reaction of the organometallic precursor with the Ti
substrate, and the homodeposition (i.e., TMA on Al;,O3) regimes. We will analyze these
differences in more depth in the following paragraphs.
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Figure 3. Evolution of Ti, Al, O, and C atomic concentrations as a function of the total amount of ALD
cycles for the T-ALD of TMA and water on a Ti substrate process performed at (a) RT and (b) 200 °C.

The evolution of the Ti oxidation state during the early stages of growth is shown
in Figure 4. For comparison purposes, we first expose a bare Ti/SiOy/Si substrate (Ti
film thickness is about 10 nm) at RT to H,O doses of the same duration as the H,O
pulses during the T-ALD process and follow the changes in the Ti 2p XPS spectra (see
Figure 4a). The initial surface is almost metallic, as clearly documented by an asymmetric
Ti component at ~453.7 eV for the Ti 2p3, core level accompanied by a spin-orbit splitting
(AE) of 6.05 eV along with tiny, symmetrical Ti>* and Ti** 2p3,, components at 455.3 and
457.1 eV, respectively (with corresponding AE of 5.6 and 5.2 eV) [57]. From the first H,O
dose, we observe a gradual oxidation of the Ti surface, with increasing Ti** and Ti**
components and two extra, symmetric Ti** components appearing (Ti 2p3,, component
at 458.8 eV with AE of 5.7 eV). The changes are clearly evident after 4 pulses, when the
Ti*" components, especially for the Ti 2p;/, level, start to become visible. In contrast,
during the T-ALD growth at RT (see Figure 4b), the Ti 2p region does not show any visible
change regardless of the number of ALD cycles, particularly in the region where the Ti**
components are expected. Moreover, the first pulse of TMA and subsequent chemisorption
of the molecule on the Ti surface seems to passivate the substrate, limiting its oxidation.
Figure 4c summarizes the Ti oxidation trend extracted from the XPS fitting of the Ti 2p
spectra as a function of H,O dose (each cycle refers to an H,O pulse of 0.5 s; see Section 4).
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While the bare Ti surface is easily oxidized with H,O, drastically decreasing the metallic Ti’
component during the first 10 pulses, the Ti surfaces show more moderate oxidation during
the T-ALD process, especially in the case of the RT growth. The differences between RT
and 200 °C T-ALD depositions are likely related to the residual water in the ALD chamber
prior to the growth (see also Figure 2), which could promote faster and deeper Ti oxidation
during the heating ramp of the 200 °C growth (Figure 4c). Therefore, it can be inferred
that the initial chemisorption of TMA creates a shielding layer against Ti oxidation, thus
explaining why even ultrathin Al,Oj3 films can passivate surfaces, as shown in the case of
Si substrates [58,59] or perovskites solar cells [60-62].
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Figure 4. (a) Ti 2p X-ray photoemission spectroscopy (XPS) data of a bare metallic Ti surface as a
function of H,O pulses of 0.5 s. Black circle symbols and continuous red lines represent the raw data
and the fitted curve, respectively. The dark and light green and blue lines correspond to the different
Ti 2p3/, and 2pj/, components, as indicated. (b) Ti 2p XPS spectra of the T-ALD growth performed
at RT, as labeled. (c) Evolution of the metallic Ti® component (%) as a function of H,O pulses for the
H2O dose at RT (squares), T-ALD growth at RT (circles), and T-ALD at 200 °C (triangles).

As discussed in Figure 3, the amount of carbon increases during the first ALD cycle
and finally decreases and stabilizes from about 10 cycles. This evolution and the slower
GPC identified above for the operando characterization constitute a fingerprint of the
two regimes previously introduced, the hetero and homo-deposition stages. Figure 5
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shows the spectral evolution of the XPS C 1s data for the two T-ALD processes at (a) RT
and (b) 200 °C. The initial as-grown Ti surfaces show some carbon (<5 at%) from the
residual gas within the preparation chamber (see Section 4), which is probably due to
cross-contamination with the ALD reactor, as both chambers are (if only for a short time)
connected during sample transfer to or from the analysis chamber. The XPS survey spectra
exclude the presence of any other element resulting from the cross-contamination. Three
components can be distinguished in the C 1s, the first at ~284.7 eV related to sp® hybridiza-
tion of C-C and C-H bonds [63-65], and the other two, labeled as TiC (~281.7) and TiC*
(~282.5 eV), referred to as titanium carbide [66-68]. In particular, the TiC* component has
been reported as an interfacial effect between the metallic carbide and the carbon deposits
or attributed to a disordered structure [68]. As there seems to be a strong relationship
between both TiC and TiC* components, we have fixed their relative intensity ratio, energy
shift, and corresponding full width half maximum (FWHM) in the fitting process, thus
understanding the changes in the C 1s spectra not from variations of the substrate carbide,
but from the chemical interaction with the TMA and H,O. The first dose of TMA shows the
appearance of two new components at ~286 eV and ~283.5 eV, associated with C-O [65,69]
bonds and the TMA molecule adsorbed at the surface [70,71], respectively. We note that
the TMA component, compared to the C-C peak, is more pronounced at RT than at 200 °C,
which is likely related to the release of more methyl ligands at higher temperatures and
probably also to the non-negligible amount of water due to the virtual leak mentioned
previously. The second sub-cycle, i.e., the H,O dose, showcases how the oxidation step is
more efficient at higher temperatures, featuring a completely disappearing TMA compo-
nent, while a higher amount of carbon bonded to oxygen species remains at the surface.
A similar trend is observed for the third TMA and H,O sub-cycles. Interestingly, after
ten cycles, i.e., at a thickness of about 1 nm, the signal of TMA after a complete cycle is
higher than after the first and third cycles, especially at RT, while the C-C component
associated with residual carbon decreases. This intensity evolution indicates a potential
interface effect on the reaction mechanism, related to a different amount of hydroxyl groups
between the initial Ti surface and the grown alumina and, more complex, to the presence
of side-reactions initially promoted by the Ti with the TMA [16]. A full understanding of
the heterodeposition regime would require complementary operando measurements, such
as infrared spectroscopy, as well as theoretical simulations. Finally, thick deposits (>10 nm)
show the presence of only C-C component and tiny traces of C-O and aluminium carbonate
(~290 eV) in both cases [72].

Commonly in the literature, particularly regarding ex situ XPS studies, the surface
carbon residue is considered an indicator of the whole film quality. Nevertheless, previous
data from Figures 3 and 5 point to a more complex evolution of the carbon amount as a
function of the total number of ALD cycles, the role of the substrate, and the ALD process
conditions. Figure 6 shows the XPS (a) C 1s and (b) O 1s spectra of the as-grown ~10 nm
Al,O3 ALD film on Ti at RT before and after 10 min of Ar* sputtering. The carbon residue is
located in the top surface region in the form of sp3-hybridized C-C and C-H bonds, whereas
the bulk contains residual carbon bonded to oxygen (C-O and C=0 species) and aluminum
(carbonates, Al-O-C). The C1 s spectrum of the sputtered film prepared at RT resembles the
spectra of the as-grown layer deposited at 200 °C with 120 ALD cycles, where the aluminate
species were visible, and the residual C-C component was much lower. This similarity
indicates that the intensity of the C-C component is inversely related to the efficiency of
the TMA oxidation process, which is enhanced at higher temperatures. Similar results
in terms of carbon species and their film distribution have previously been reported for
plasma-enhanced ALD Al,Oj films [73]. The O 1s spectrum (Figure 6b) also reflects some
changes after sputtering, decreasing the amount of OH groups and thus explaining the
excess of oxygen estimated by XPS for the as-grown sample (see Figure 3) [73-75].
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Figure 5. C 1s X-ray photoemission spectroscopy (XPS) spectra taken at different stages of the Al,O3
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lines represent the raw data and the fitted curve, respectively. Dark and light green lines correspond

to TiC-related components, red to TMA, and blue lines to C-C and C-O species, as indicated.
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Figure 6. In-situ X-ray photoemission spectroscopy (XPS) spectra of the (a) C 1s and (b) O 1s regions
of the Al,O3 T-ALD process performed at RT before and after Ar* sputtering. Black circle symbols

and continuous red lines represent the raw data and the fitted curve, respectively.
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Up to this point, all the growths discussed in detail have been performed on flat
substrates. Figure 7 depicts a cross-sectional TEM image of a 15 nm thick T-ALD Al,Os3 film
deposited at RT on a Si-based nanostructured substrate with varying distances between
individual stripes, i.e., different aspect ratios. Particularly in the energy-dispersive X-
ray compositional mapping of carbon (Figure 7c), we observe a significant influence of
the nanostructures’ aspect ratio. With an increasing aspect ratio, i.e., with decreasing
width while the height remains fixed, carbon residue accumulates in the pits, which
becomes significantly higher than at the top of the structures. Similarly, the Al,O3 deposit is
comparatively thicker in those high and narrow trenches. As indicated by V. Cremers and
coworkers [2], these deviations from the ALD growth on flat surfaces are related to the mean
free path of the reactant molecules and the design of the ALD reactor, which ultimately
will determine the flow regime (molecular or viscous), with important consequences on the
conformality and homogeneity of the ALD deposit.

Figure 7. Transmission electron microscopy (TEM) cross-section image of a 15 nm thick T-ALD Al,O3
film deposited at RT on Si-based nanostructured substrates. (a) Bright-field (BF) image; (b) BF image
superimposed to energy dispersive X-ray spectroscopy (EDX) compositional mapping of silicon,
oxygen, and aluminum; and (c¢) EDX mapping of carbon in the same region.

3. Discussion

In the previous section, we analyzed the Al,O3 T-ALD process using TMA and H,O
by combining operando and in situ characterization techniques in the same UHYV cluster
tool, following a classic surface science approach not so explored before by the majority of
the ALD community.

In particular, both the results from spectroscopic ellipsometry and XPS point to the
existence of different growth regimes depending on the total amount of ALD cycles and,
therefore, on the interaction of the organometallic precursor with the substrate surface (if the
ALD-deposited film is thin enough so there are significant interface effects), or with the sur-
face of a film that may not be considered bulk-like. These two hetero and homo-deposition
regimes are seen to affect the GPC and the efficiency of the ALD reaction mechanism,
translating into higher carbon deposits and lower growth ratios near the interface. Precisely,
these chemical differences can also affect the early stages of growth in terms of nucleation
and growth delay, as has been extensively reported in the literature [14,22]. These facts
are of particular relevance for ultrathin deposits (<10 nm), where the cross-interactions
between the substrate, film, and ALD precursors play a key role in the final chemical and
physical properties of ALD films. Given the ongoing drive towards device miniaturization,
the combined expertise of the ALD and surface science communities should provide new
insights that will promote our understanding of the substrate/film interaction, help us
identify the role of the surface on the ALD reaction mechanism, and serve to answer the
question how the ALD process could be tailored by controlling the surface properties of the
substrate. The last issue requires sophisticated substrate surface preparation, which consti-
tutes a highly demanding step (particularly regarding the conservation of clean surfaces
until the organometallic dose). Hence, for this purpose, different approaches have been fol-
lowed, employing single crystals [76,77], crystalline nanoparticles [78,79], or free-standing
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2D materials [73,80], which may be combined with more complex and realistic substrates
in view of potential applications. In this framework, in situ photoelectron spectroscopies,
using both commercial X-ray and synchrotron radiation sources, play a fundamental role in
accessing the elemental composition and oxidation states of the substrate, film, interfaces,
and reaction intermediates on the surface. Furthermore, by comparing the defective, not
well-ordered ALD deposits with their crystalline counterparts (e.g., epitaxial ultrathin films
grown by molecular beam epitaxy), we will gain a better understanding of the role of
defects in modifying the properties of thin ALD films.

Moreover, this systematic combination of the operando and in-situ approach also
improves the reproducibility of the ALD process, making it possible to understand the
influence of the ALD reactor design (or its malfunction) on the properties of the ALD
deposit [22]. In this sense, the water excess identified based on the QMS measurements
of the T-ALD process at 200 °C had important consequences on interpreting the XPS data.
Instead of (erroneously) deducing that the TMA is decomposing at the surface, raising
the amount of residual C-C and C-H due to a catalytic effect of the metallic Ti, we could
establish that the excess of water is likely related to a virtual leak from the cold spots in
the reactor walls that partially oxidize the TMA during the first ALD sub-cycle. Therefore,
special attention must be paid to the characterization of ultrathin ALD deposits, relying on
the combination of multiple characterization techniques to enable reliable cross-checking
between them. Furthermore, the use of other equipment and techniques, such as a quartz
crystal microbalance or infrared spectroscopy, would allow for an even more profound
discussion in terms of film nucleation (e.g., up to what extent the lower GPC is due to a
nucleation delay and thus incomplete coverage) or intermediates states under operando
conditions without interrupting the growth process because of the need to transfer the
sample, which may affect the exact deposition conditions (e.g., via decreasing the substrate
temperature before transferring the sample to the XPS analyzer chamber and ramping it up
afterward for continued deposition).

Finally, and related to the use of different types of substrates, we have shown how
the properties of the ALD deposits, in terms of thickness and amount of residual carbon,
depend on the substrate, not only in terms of chemical properties but on its morphology
and, particularly, on the aspect ratio of nanostructures. Furthermore, the specific ALD
reactor design also has a crucial influence on these processes, as extensively discussed
by V. Cremers and coworkers [2]. Thus, the surface science approach applied to well-
known, simple, and (usually) flat surfaces must be adapted to more realistic scenarios
and applications where a complementary engineering approach is required to finally
optimize the ALD processes by focusing on the flow regime, local pressure distribution,
and reactor design.

4. Materials and Methods
4.1. ALD-XPS Cluster

The in situ ALD-XPS cluster comprises a homemade ALD reactor compatible with
ultra-high vacuum conditions (UHV) attached to a state-of-the-art UHV-XPS system, see
Figure 8.

The homemade ALD reactor consists of a stainless steel UHV-compatible chamber
(Pfeiffer, Assla, Germany) with a base pressure of 10~8 mbar, which is directly attached to
the preparation chamber of the XPS system. After the ALD growth, and once the pressure
is below 10~7 mbar at the ALD reactor, the sample is transferred to the analysis chamber,
which takes around 15 min. Continuing with the ALD reactor, the sample, 10 x 10 mm
maximum in a conventional flag-type sample holder, is placed at the center (focal point)
of the chamber, below the entrance of the reactive gases, held in a sample stage capable
of heating the sample to a maximum temperature of 1000 °C by the use of a silicon ni-
tride ceramic heater compatible with UHV conditions as well as atmospheric pressures
and highly oxidative environments (343-HEATER-SIN-8X10, Allectra, Berlin, Germany).
The temperature is monitored through a K-type thermocouple in close proximity to the

113



Inorganics 2023, 11, 477

13 of 20

sample. The temperature measured by the thermocouple is around 10% lower than that
estimated on the surface of Si(100) by applying a temperature-dependent optical model
on the ellipsometry measurements between 100 and 200 °C. The position of the sample
can be precisely varied and controlled through a 3-axis linear manipulator with a 6 rotator,
including correction of the sample tilt with respect to the incident light beam from the ellip-
someter. The spectroscopic ellipsometer (SER 801 UV-VIS, SENTECH, Berlin, Germany) is
installed at 70° to the sample surface normal, as shown in Figure 8b. The stress-free view-
ports, where the ellipsometer arms are mounted, are protected by pneumatic shutters to
minimize undesired coatings. The QMS (HAL/3F 301 RC, Hidden Analytical, Warrington,
UK) is separated from the ALD reactor by an elbow gate valve and a blind DN40 CF flange
with a 500 pm (@) aperture to constrain the pressure in the QMS area to <10~* mbar via
differential pumping (see Figure 8c). Depending on the total pressure applied during the
ALD process (i.e., pump-type or flow-type mode), membranes of different porous sizes can
be installed on the aperture to regulate the final pressure. The aperture is maintained at
room temperature, stopping the chamber heating at the elbow gate valve. No condensation
issues have been detected during these experiments. The QMS is differentially pumped
through a secondary turbopump connected to the bypassed turbopump at the load-lock
chamber (pump-type operation mode) or directly through the turbopump of the ALD
reactor (flow-type operation mode). A scheme of both configurations is shown in Figure 9a.
The ALD reactor chamber can be pumped in two ways: through a turbopump (67 L/s) or
a scroll pump bypassing the turbopump (3.3 L/s), for the pump-type (10~#-10~% mbar)
and flow-type (1-10 mbar) operation modes, respectively (see Figure 9a). During growths
performed at high temperatures, the reactor walls can be heated up to a maximum of 200 °C.
The configuration of the ALD reactor chamber is highly flexible, allowing the installation
of more instruments or the rearrangement of the existing ones.

The ALD gas lines are schematically represented in Figure 9b. The lines are based on
VCR® components, allowing a quick modification if required and easy purging down to a
base pressure of 10”7 mbar before the growth. The system comprises three lines for precur-
sors (left line in Figure 9b), oxidants/reactants (right line), and purging gas (middle line),
each regulated by a mass flow controller (F-111B 200, Bronkhorst, Ruurlo, The Netherlands)
and connected to a shared Ny supply. The precursor line allows the installation of three
different kinds of precursors depending on their vapor pressure (vp): high (the quantity of
generated vapor is high enough to be pumped directly into the chamber without the use of
a carrier gas, use of cylinder container), medium (the cylinder container output is connected
to a 3-way pneumatic ALD valve to allow the use of carrier gas on its transportation to the
reactor), and low (use of electropolished stainless steel bubbler). This configuration allows
complex ALD super-cycles to deposit mixed compounds. Moreover, the oxidant/reactant
line configuration follows a similar design, with three different sublines for H,O, O3/0;
(directly connected to an ozone generator fed with pure O,, OXP-30 Ozone Generator from
Oxidation Technologies, Inwood, IA, USA), and a third subline allowing for the connec-
tion to other gas sources. Finally, the third line is used for purging, particularly during
pump-type operation, when no carrier gas is used in the precursor and oxidant lines. The
lines can be heated up to 90 °C using heating wires. The ALD process is controlled by ALD
pneumatic valves (Swagelok, Berlin, Germany) using homemade LabVIEW-based (2020
SP1) software.

The X-ray photoelectron spectroscopy (XPS) system consists of a load-lock chamber
(base pressure of high 10~ mbar) with sample storage capability. The preparation chamber
(10~ mbar range) allows pre and post-growth treatments and/or experiments via sample
heating (up to 300 °C), exposure to different gases through corresponding leak valves,
and monitoring of atmosphere composition using a QMS (e-Vision 2 EV2-110-000FT, MKS,
Munich, Germany). Several e-beam or Knudsen cell evaporators can also be installed (e.g.,
as the one used for the Ti evaporation). The XPS analysis chamber (10~ ° mbar range) con-
sists of an Omicron EA 125 hemispherical electron analyzer with a non-monochromatized
twin X-ray anode (Al/Mg) and a five-channeltron detector for efficient counting. At a pass
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energy of 20 eV, the overall spectral resolution is about 1.1 and 1.0 eV, respectively. Finally, it
is possible to transfer the ALD samples through the load-lock chamber in a vacuum suitcase
to a glovebox or other UHV systems at our home lab facilities for additional treatments
and/or characterization (low energy electron diffraction (LEED), ultraviolet photoelectron
spectroscopy (UPS), hard X-ray photoelectron spectroscopy (HAXPES), and scanning probe
microscopy (SPM)).

Our lab facilities count on a second ex situ ALD reactor with the same kind of gas line
configuration and operation modes. This system allows simultaneous growth on several
substrates or 2-inch wafers when the deposition recipe is well established using the more
complex in situ ALD-XPS cluster.

@

@ Analysis chamber (c)

(XPS) ALD reactor
> TM

= In-situ ALD reactor » BE=

Preparation ﬁ DN40 CF
chamber . ®) aperture
=N | ams || & 2500 um

Zm AB08 S

S Ellipsometer
Load- [ / (D
lock gy '

Spectroscopic ellipsometer S i
N i Chamber w Membrane
o focus
li/// e Quadrupole
Connection to 3
preparation L THass
spectrometer

(b) chamber

Figure 8. (a) Overall top-view scheme of the complete ALD-XPS system, consisting of a load-lock
chamber (purple), a preparation chamber equipped with a quadrupole mass spectrometer, a radiative
sample heating stage (up to 300 °C), gas input lines, and the possibility to install several evaporators
(light blue); an analysis chamber equipped with an XPS analyzer and a twin non-monochromatized
X-ray source with Al and Mg anodes (brown); and the homemade ALD reactor (green) where the
spectroscopic ellipsometer (dark red) and the differentially pumped mass spectrometer (orange)
are installed. For clarity, the manipulator of the heating stage at the ALD reactor is not included.
(b) Lateral view of the ALD reactor, including the ellipsometer at an angle of 70° with respect to
the normal of the sample surface. The manipulator of the heating stage of the ALD reactor, where
the sample is held, is installed on the front window in this view, allowing fine correction of the
sample position and tilt with respect to the incident polarized light. The connection to the preparation
chamber, hidden in (a), is indicated by the black arrow on the left side. (c) Detailed view of the
quadrupole mass spectrometer. The entrance of the QMS is separated from the ALD reactor by an
angle valve and a DN40 CF dummy flange with a 500 um aperture where a membrane of different
pore sizes can (depending on the usage of pump or flow type mode) be installed to constrain the
pressure in the QMS area to <10~% mbar.
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Figure 9. (a) Pump-lines scheme of the ALD reactor and associated differentially pumped QMS. The
blue and red arrows indicate the open valve configuration under the flow and pump-type operation
modes, respectively. (b) ALD-gas lines scheme, where the blue and green valves correspond to the
ALD pneumatic and manual valves, respectively, and the top red boxes represent the mass flow
controllers connected to a shared Nj supply.

4.2. Thermal ALD Process

The alumina (Al,O3) films were deposited using thermal ALD (T-ALD) using the
commercial ALD precursor trimethylaluminum (TMA) from Sigma Aldrich (Taufkirchen,
Germany), in combination with ultrapure water from Alfa Aesar, spectrophotometric
degree. The ALD reactor operates in pump-type mode using Ny (99.9999%, Air Liquide)
as purging gas (at a pressure of 1072 mbar) between precursor (10~% mbar) and oxidant
(10~ mbar) pulses and controlled by an independent mass-flow controller (F-111B 200,
Bronkhorst, Ruurlo, The Netherlands). The TMA and water containers were kept at RT
during the growths, providing sufficient vapor pressure to pump the precursor and the
reactant directly into the reactor using the reactor turbopump (see Figure 9). During the
growth at 200 °C, the temperature of the precursor and H,O lines were kept at 90 °C,
whereas the walls of the ALD reactor were ramped up to 120 °C. The substrate temperature
was set to ~25 °C (RT) and 200 °C, respectively. The ALD recipe consisted of a 0.5 s
TMA pulse followed by 0.5 s of N purging flow, continued by an H,O dose of 0.5 s and
subsequent 0.5 s of N, for purging. The reactor was purged for 15 s between cycles by
pumping with the turbopump (<310~ mbar). The N, flux was set to 60 sccm. The gas
input was regulated by ALD pneumatic valves (Swagelok, Berlin, Germany) controlled
by LabVIEW-based (2020 SP1) software. As discussed in Section 2, once the growth is
stabilized, the estimated average growth per cycle (GPC) is 0.9 + 0.1 A/cycle. Two types
of substrates were used. The first was p-type Si (100) single crystals cut from 3" wafers
covered by native oxide (S5iOy/Si) from CrysTec. Prior to the ALD deposition, they were
annealed at 250 °C in UHV to remove adventitious carbon and subsequently characterized
using XPS. The second substrate consisted of Ti thin films deposited by thermal evaporation
at RT under UHV conditions in the preparation chamber (see Figure 8) on similar SiOy /Si
wafer pieces. Before the ALD deposition, the Ti/SiOy/Si substrates were also routinely
characterized using XPS.

4.3. ALD Film Characterization

The operando characterization of the T-ALD process was performed using spectro-
scopic ellipsometry, SER 801 model from SENTECH, and quadrupole mass spectrometry,
HAL/3F 301 RC from Hiden Analytical. The bare SiOy/Si substrate was used for the ellip-
sometry measurements, performed with a maximum spectral range from 240 to 1000 nm
(UV-VIS). The ellipsometric modeling and parameter fitting were performed with the Spec-
traRay/4 (6.0.8.2) software, considering an air/ Al,O3/SiOy /Si multilayer system where the
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atomic layer deposited alumina was fitted using a Cauchy model, and the initial thickness
of the native oxide was set to 2.3 nm, as extracted from an as-introduced SiOy /Si reference
sample. The QMS was operated in multiple ion detection mode (MID), following the CHy
(m/z =16), HyO (m/z = 18), O, (m/z = 32), and TMA (m/z = 57) signals as a function
of time.

In situ X-ray photoelectron spectroscopy measurements (XPS) were performed with
an Omicron EA 125 hemispherical electron analyzer using non-monochromatized Mg K«
radiation. The pass energy was set to 20 eV, yielding an overall spectral resolution of
about 1.0 eV. The sample charging was corrected considering the Si 2p (Si’) and Ti 2p
(Ti%) contributions from the SiOy/Si and Ti/SiOy/Si substrates as an internal reference,
respectively. The spectra have been fitted using the XPSPeak software, version 4.1, whereas
the electron inelastic mean free path (IMFP) through the alumina matrix was calculated
using the Tanuma, Powell, and Penn formula IMFP-TPP2M [81]. As-grown ~10 nm thick
Al Os films were gently sputtered by Ar* cations (cold cathode ion source ISE 5, Scienta
Omicron, Taunusstein, Germany) with an accelerating voltage of 500 eV at a pressure of
4 x 10~® mbar, yielding an estimated sputter rate of around 0.3 nm/min.

The Al,O3 films were finally characterized ex situ using transmission electron mi-
croscopy (TEM) and energy dispersive X-ray spectroscopy (EDX), performed with an FEI
Tecnai Osiris instrument operated at 200 kV, using nanostructured Si substrates fabricated
at the Leibniz-Institut fiir innovative Mikroelektronik (IHP).

5. Conclusions

We have presented a new in situ ultra-high vacuum cluster tool where multiple
operando (spectroscopic ellipsometry and quadrupole mass spectrometry) and in situ (X-
ray photoelectron spectroscopy) techniques are combined to characterize the early stages
of growth of atomic layer deposited films.

To show the capabilities of the new system, we have revisited the well-known thermal
ALD growth of Al,O3 using TMA and H,O, with particular emphasis on distinguishing the
hetero and homo-deposition regimes. Indeed, we find that the ALD reaction mechanism is
slightly modified in terms of TMA oxidation efficiency and growth per cycle for deposits up
to 10 nm. In contrast to what is generally believed, the ALD reaction mechanism critically
depends on the nature of the surface, particularly on the reactivity between the selected
precursor and the bare substrate and, subsequently, with the ALD deposit. The growth
might be influenced, especially for ultra-thin films, by the cross-interaction between the
film and substrate. Moreover, the combination of multiple characterization techniques
allows a reliable cross-check between them, enabling us to characterize the ALD process
and diagnose possible malfunctions of the ALD reactor at the same time.

The operando and in situ characterization of ALD materials using a more traditional
surface science approach allows for studying the complex interactions between the sub-
strate, film, and reactants as well as the inter-relation with ALD process parameters in a
systematic manner, thereby opening the door to a deep understanding of the relationship
between the substrates and ALD reaction mechanism during the early stages of growth. The
precise control of the substrate surface properties and its interface with the ALD material
will allow tailoring the ALD film properties and optimizing the ALD process by rational
design, ultimately decreasing the amount of wasted precursor and associated costs, thus
paving the way for using ALD more effectively in existing and new application areas.
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Abstract: The anodic reactivity of UO, and UO, doped with Gd,O3 was investigated by electrochem-
ical methods in slightly alkaline conditions in the presence of silicate and calcium. At the end of
the experiments, the electrodes were analysed by X-ray photoelectron spectroscopy to determine
the oxidation state of the uranium on the surface. The experiments showed that the increase in
gadolinia doping level led to a reduction in the reactivity of UO5, this effect being more marked at the
highest doping level studied (10 wt.% GdyO3). This behaviour could be attributed to the formation
of dopant-vacancy clusters (Gd'-Ov), which could limit the accommodation of excess O~ into the
UO; lattice. In addition, the presence of Ca?* and SiO32~ decreased the anodic dissolution of UO,.
In summary, the Gd,O3 doping in presence of silicate and calcium was found to strongly decrease
the oxidative dissolution of UO,, which is a beneficial situation regarding the long-term management
of spent nuclear fuel in a repository.

Keywords: UO;(s); gadolinia doping; anodic oxidation; X-ray photoelectron spectroscopys; silicate
and calcium ions

1. Introduction

The repository concept is an internationally accepted approach for the long-term
management of spent nuclear fuel, where the fuel would be sealed in containers. However,
in the worst-case-scenario where the containers fail, the contact of the fuel with groundwater
could be possible. Since the majority of the radionuclides are located within the UO; matrix
and taking into account that UVLis more soluble than U, the release of the radionuclides to
the groundwater would be controlled by the fuel corrosion/dissolution rate, which would
be strongly affected by the redox conditions. Under oxidizing aqueous conditions, the
corrosion of UO, occurs via two steps process. First U0, is oxidized to UV _p, UV 5, Ony
forming a thin oxidized surface layer, while in the second step soluble UY! is released to
the solution [1]. In alkaline conditions, dissolved uranium could reprecipitate, forming
corrosion product deposits (UO3-yH,O).

Some of the main parameters affecting the corrosion of the UO, matrix in a repository
are the rare earth (RE) doping of the fuel [2,3] and the composition of the groundwater [4].
Nowadays, UO; is commonly doped with rare earth elements such as Gd (in the form of
Gdy03) [5] for its critical role as a burnable neutron absorber. The high neutron absorption
cross section of 1°Gd and »’Gd helps to counterbalance the excess of reactivity in the
reactor core during the initial stages of operation, improving overall reactor performance.

The influence of the incorporation of Gd to UO, has been extensively studied to deter-
mine lattice parameters [6,7], UO; oxidation in dry experiments [8,9], UO; electrochemical
reactivity [1,7,10] and UO; dissolution [11,12].
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Air oxidation kinetics of UO; at high temperature (325 °C) indicated that doping
with Gd stabilizes the first oxidation product and inhibits the oxidation to U3Og being
the kinetic mechanism dependent on the Gd content [8]. He et al. studied the effect of
fission product doping on the anodic reactivity of UO; (they worked with SIMFUEL)
and concluded that doping with such elements distorts the lattice structure of UO,. This
fact affects its corrosion process, since the oxidation was suppressed as the extent of
doping increased [1]. Liu et al. showed that Gd doping lead to a contraction of the
fluorite lattice, reducing the electrochemical reactivity of (U;_yGdy)O; [7]. Razdan and
Shoesmith studied the influence of trivalent-dopants (such as Gd') on the electrochemical
behaviour of UO; [2]. They found that while the mechanism of oxidation/dissolution of
Gd-doped UO; is comparable to that of SIMFUEL, the reactivity is lower. The effect of Gd-
doping was also observed on dissolution experiments, showing a reduction of the oxidative
dissolution rate [11-13]. This behaviour was commonly attributed to the formation of
Gd™-Ov clusters [14] in order to maintain electroneutrality, limiting the accommodation
of O?~ ions during oxidation [15]. Therefore, the Gd™ influence on fuel reactivity under
repository conditions is of great importance.

Concrete has been proposed as a construction material in some deep geological reposi-
tories [16]. Water in contact with concrete presents high pH values and contains silicate and
calcium ions [17]. Flow-through dissolution experiments with UO, performed by Wilson
and Gray [4] revealed a considerable reduction in the concentration of U measured when
Ca and Si were present in the solution. Santos et al. investigated the effect of SiO52~ [18]
and Ca?%* on the corrosion of SIMFUEL [19]. The authors concluded that these ions had
little influence on the first oxidation step, but they inhibited /retarded the formation of
UV, probably due to the adsorption of silicate and calcium on the fuel surface. Espriu
et al. studied the corrosion of SIMFUEL at high pH and in the presence of calcium and
silicate [20]. Their X-ray photoelectron spectroscopy (XPS) analysis evidenced that the
presence of both ions in a high alkaline solution have a significant impact on the oxidation
of the surface of SIMFUEL, since the surface was less oxidized than that of the experiments
conducted in a solution without such ions. However, the corrosion of Gd;O3 doped UO,
under cementitious water is not well known.

In this work, both undoped UO; and UO, doped with 5 and 10 wt.% Gd,Os pellets
were examined electrochemically in order to study the influence of Gd;O3 doping on the
oxidative reactivity of UO, at slightly alkaline groundwater in the presence of silicate
and calcium.

2. Results and Discussion
2.1. Characterisation of the Gd, O3 Doped UO, Pellets

The surface morphology of the sintered UO; pellets doped with 5 wt.% and 10 wt.%
Gd,0; (Figure 1), exhibited clearly defined grain boundaries and low-porosity microstruc-
ture. Furthermore, no unreacted Gd,O3 was found and EDX analysis revealed a homoge-
neous distribution of gadolinium within the UO, matrix.

The examination of the samples using X-ray diffraction (XRD) revealed the fluorite
crystal structure of UO, (Figure 2). The peaks observed in the Gd,O3-doped samples were
found to be slightly shifted toward greater angles compared to the UO, sample. This shift
was caused by the lattice contraction as gadolinium concentration increased, as previously
observed in previous studies [7].
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Figure 1. Scanning electron micrograph of UO, doped with 5 wt.% Gd,Oj3 (a) and 10 wt.% (b) Gd,O3
after sintering.

e UO,
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Figure 2. Close-up of the XRD spectra of non-doped UO; and UO, doped with 5 wt.% and 10 wt.%
Gd,0s.

2.2. Cyclic Voltammetry

Figure 3 shows a series of cyclic voltammograms (CVs) recorded in silicate and calcium
solution on the undoped and Gd, O3 doped UO; electrodes. Similar stages of both oxidation
and reduction regions were previously observed for SIMFUEL [21] and undoped UO; [22].
In the forward scan, two different regions can be observed. In region 1 (at the potential
of around —0.2 V), the increase in the anodic oxidation current observed is attributed
to the formation of a mixed UV /UV thin surface oxide layer with a thickness limited
by the 0%~ injection into the UO, fluorite lattice. It can be observed that the onset of
the oxidation in region 1 is independent of the Gd,O3; doping level. However, there is
a significant difference in the anodic current observed, registering lower current density
values as the doping level of Gd,Os increases. This behaviour was observed in [10] for
hyperstoichiometric U;_yGdyO,,x and can be attributed to the ability of Gd to retard the

oxidation of UO, matrix surface by the formation of Gd"-Ov clusters. In region 2 (>0.2'V),
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the thin surface layer is further oxidized to soluble UV! and then the dissolution as UO,**
could take place. Under alkaline conditions, the solubility of UO,?* is limited [1], therefore
it could be deposited as insoluble UY!03-yH,O on the electrode surface. The formation of
this deposit could explain the suppression of the current observed in Figure 3 at higher
voltages (>0.3 V). Another possibility is that the silicate and calcium in solution could be
adsorbed on the electrode surface, suppressing the further oxidation of the thin surface
layer [19]. The stabilization of the UO, matrix in presence of silicate and calcium was
previously observed on SIMFUEL [18-20].

0.1
e UO, 2
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Figure 3. CVs recorded on the three different electrodes (rotation rate of 1000 rpm) in a solution that
contains 0.1 M NaCl, 1072 M SiO3?~ and 10~3 M Ca?*, pH = 10, at a scan rate of 10 mV-s~!. The
potential was scanned from —1.6 V to 0.6 V and back.

On the reverse scan, a cathodic reduction peak (region 3) was observed with a maxi-
mum at around —0.7 V. This reduction peak is commonly attributed to the reduction of
UV 0y /UV9 00y / UVIO3-yHZO surface layer [2]. The presence of this reduction peak for
all electrodes indicate that an oxidized surface layer is formed despite the presence of Gd,
however, the current associated with the reduction peak vary significantly with doping
level. This confirms that the thickness of the thin UV, _5, /UY 2,05, layer differs among
them, which is in agreement with the current densities registered in regions 1 and 2.

In contrast, CV experiments performed on 5 wt.% GdyO3-doped UO, electrode in
presence of bicarbonate (Figure 4) registered higher anodic oxidation currents in regions 1
and 2 than in solutions that contained silicate and calcium. This behaviour can be attributed
to the ability of bicarbonate to form soluble uranyl carbonate complex ions, which avoided
the formation of secondary phases on the electrode surface and enhanced the oxidation
and dissolution process of UO; [23]. This is consistent with the smaller reduction peak
observed in region 3 in bicarbonate solution.
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Figure 4. CVs recorded at a scan rate of 10 mV-s~! (rotation rate of 1000 rpm) on 5 wt.% Gd,O3-doped
UO; electrode in a solution that contains 0.1 M NaCl, 1072 M SiO32~ and 10~3 M Ca2* (blue) and in
a solution that contains 0.1 M NaCl and 5 x 10~2 M HCO3~ (black). The potential was scanned from
—1.6 V to 0.6 V and back. Both dissolutions were adjusted at pH 10.

The suppression of the anodic dissolution could be probably attributed to the adsorp-
tion of silicate and calcium to the electrode surface. These results are in good agreement
with the findings of Wilson and Gray [4], as they detected in leaching experiments a thin
layer of Ca and Si, which inhibited the dissolution of UO,. Further investigation in solu-
tions containing Ca, Si and carbonates, which better mimic cementitious water, may be
needed to determine whether the predominant factor is the formation of soluble ternary
complexes Ca-U(VI)-COs [24] or the inhibitory effects of Ca and Si.

2.3. Potentiostatic Oxidation

Since CVs are rapid experiments, to better observe differences in reactivity due to
doping level, potentiostatic oxidation experiments were performed. Figure 5 shows a series
of current density vs. time plots recorded at an oxidative potential of 0.4 V for 1 h for the
different electrodes in a solution with silicate and calcium. In general, for all electrodes, the
anodic current decreases linearly on the logarithm scale with time, which is consistent with
a loss of surface reactivity due to the growth of a UV/VO,,, surface layer [19].

For the non-doped electrode, the current density registered was considerably higher
than in doped electrodes. After 1000 s the current tends toward a steady-state value
(reaches a plateau). Regarding doped electrodes, 5 wt.% GdyO3-doped UO; electrode
registered at short times higher current densities compared to 10 wt.% Gd;O3-doped UO,
electrode, while at long times, the currents continued decreasing, reaching very low values
for both electrodes.

Figure 6 shows the cumulative integration of the potentiostatic current densities (from
Figure 5) as a function of time for the three electrodes. The general trend observed is that
the charge accumulated increases as the doping level decreases. Whereas the total charge
for the non-doped electrode continues increasing with time in the period of time registered
(3600 s), for doped electrodes their respective total charges tend to reach a stable state.

126



Inorganics 2023, 11, 469

6 of 15

1074 {0, e
B * UO,-5wt.% Gd,0,

—_ © UOZ_ 10W’t.% Gd203
£
g 107°4
2
(7]
c
]
=}
E e
g 1074
-
o

1077 v .

10 100 1000
Time (s)

Figure 5. Potentiostatic current-time curves recorded at 0.4 V for 1 h on the three different electrodes
in a solution that contains 0.1 M NaCl, 1072 M SiO32* and 1073 M Ca?*.
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Figure 6. Cumulative anodic charges obtained by integration of the current densities registered from
potentiostatic experiments in a solution that contains 0.1 M NaCl, 1072 M SiO32~ and 1073 M Ca?*
at 0.4 V for 1 h on the three electrodes as a function of time.

XPS was performed after potentiostatic experiments to determine the composition of
the electrode surface as a function of the extent of doping. Figure 7 shows the deconvoluted
spectra for the U 4f5,, and U 4f;, regions and their corresponding satellite structures for
the three different electrodes while Table 1 collects the percentages of U, UY and UV! on
the electrodes surface. In all cases, as expected, traces of U were detected, whereas UY and
UV! states dominate the surface composition of the electrodes, since an oxidizing potential
was applied. This is consistent with the formation of an underlying UV, 5 UV Opix
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layer and the following formation of UO,2*, which can be accumulated as a UV'03-yH,O
deposit. It can be observed that as the doping level increases, the UV content increases,
at the expense of UYL, Although the effect of doping with 5 wt.% Gd,Oj is small, in the
10 wt.% Gd03-UO; electrode, a strong UV signal was obtained, which is consistent with
a marked decrease in reactivity at high doping levels (10%), as already reported in the
literature [7]. The differences observed in UV! concentration provide evidence that doping
with GdyO3 slows down the second oxidation step (U5, UV Oguy to UV103-yHZO).
These results are in agreement with the potentiostatic data, since lower anodic charges lead
to lower amount of UY! and hence, lower oxidation.
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Figure 7. U 4f XPS spectra resolved into UV, UV and UV! contributions recorded after potentiostatic
oxidation at 0.4 V on (a) undoped UO; electrode, (b) 5 wt.% GdyO3-doped UO; electrode and
(c) 10 wt.% GdpO3-doped UO; electrode. The vertical dashed line represents the position of UWY at
379.7 eV.
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Table 1. Relative fractions of UV, UV and UV! on the surface of the different samples from XPS results
after potentiostatic oxidation at 0.4 V.

Sample UV (%) UV(%) UVL(%)

U0, 845 26+5 66 + 5
UO,—5 wt.% GdyO3 745 35+5 58 +5
UO,—10 wt.% Gd, O3 15+5 62+5 23+5

This observation is consistent with the results reported in air oxidation by Scheele
et al. [25], who observed a delay on the onset of the second oxidation to U3Og on Gd,O3-
UO, doped samples. XPS analysis performed after dissolution experiments in presence
of carbonate/bicarbonate [12] revealed a big contribution of U(V) on the surface of the
Gdy03-UO; samples, and low U concentration on the leaching, indicating that Gd-doping
enhanced the stability of U(V) and inhibited the subsequent oxidation to U(VI). A decrease
in the uranium concentration on Gd-doped UO, pellets was also reported in leaching
experiments in H,O, and y-irradiation [13]. Similar behaviour was found in the literature
for Nd-doped UOQO; in presence of HyO; [26]. This found could indicate that doping UO,
with trivalent dopants (like Gd** and Nd3*) would lead to a comparable stabilization effect
on the UO; structure.

2.4. Cathodic Stripping Voltammetry

Additional potentiostatic experiments were performed at the same conditions (0.4 V
for 1 h), but this time followed by cathodic stripping voltammetry (CSV) in order to reduce
the surface layer and the deposit. Figure 8 shows the CSV recorded for the three electrodes.
Two reduction peaks were observed in this region, which are commonly assigned to the
reduction of the dual phase nature of UV, 5, UVsy 004y /UVIO; -yH,O. The reduction peak
observed at —0.7 V (peak 1 in Figure 8) was attributed previously to the reduction of the
underlying UV, 5 UV9y Oniy layer [21,22], whereas the second peak located at —0.8 V
(peak 2 in Figure 8) was assigned to the reduction of UO3-yH,O deposit [15].
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Figure 8. Cathodic stripping voltammograms (CSV) recorded on the different electrodes after
potentiostatic oxidation in a solution that contains 0.1 M NaCl, 1072 M SiO32~ and 1073 M Ca®*. The
potential was scanned from 0.4 V to —1.6 V at a scan rate of 10 mV-s~ .
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The current peaks can be considered as a measure of the thickness of the oxidized
surface layer. Hence, the thickness of the UV, 5 UVoy Oy / UV103~yHZO layer was lower
as the Gd,O3; doping level increases. These results are in agreement with the current
densities registered in the potentiostatic oxidation experiments (Figure 5).

2.5. Corrosion Potential

Figure 9 shows the corrosion potential (Ecorr) registered on each electrode. The
horizontal line at —0.4 V represents the threshold for the onset of fuel corrosion. For all
electrodes, the values of Ecorr increased quickly from the cathodic cleaning potential
(—1.6 V) until achieving a steady state value. The values of Ecorr recorded after 24 h were
—0.10V, —0.14 V and —0.27 V for undoped UQO; electrode, 5 wt.% GdyO3 and 10 wt.%
Gd;,03 doped UQO; electrodes, respectively, which are substantially more negative as the
doping level increases, indicating an influence of the electrode composition on the Ecogr.

s

-0.5 1

Potential (Ecorr) (V)

0.6 - * Uo,
* UO,- 10wt.% Gd,O,

-0.7 |

-0.8 T : T .
0 5 10 15 20 25

Time (h)
Figure 9. Ecorr measurements recorded on the three different electrodes in a solution that contains
0.1 M NaCl, 102 M SiO32* and 10~3 M Ca?*. The horizontal dashed line at —0.4 V indicates the
threshold potential for the beginning of oxidation of the UO,.

Figure 10 shows the XPS analysis performed after Ecorr measurements and Table 2
displays the fraction of the individual oxidation states of uranium (expressed as percent-
ages) on the electrode surfaces. U'V is the dominant oxidation state present in the 10 wt.%
Gd;03 doped UO; electrode surface (around 87%), whereas both undoped and 5 wt.%
Gd,O3 doped electrodes surfaces are predominantly composed of the oxidation states
U and UV, being the U content slightly higher in the doped electrode than in the un-
doped one. A low amount of UY! was detected in UO; electrode (14%) while in doped
electrodes the amount was almost negligible (below 4%). As mentioned before, silicate
and calcium could be adsorbed on the electrode surface, which could partially inhibit the
further oxidation of the thin surface layer [19] at such conditions.
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Figure 10. U 4f XPS spectra resolved into U, UV and UV! contributions recorded after Ecorg
experiments on (a) undoped UO; electrode, (b) 5 wt.% Gd;O3-doped UO; electrode and (c) 10 wt.%
Gd,03-doped UO; electrode. The vertical dashed line represents the position of UV at 379.7 eV.

Table 2. Relative fractions of ULV, UY and UV! on the surface of the different samples from XPS results
after corrosion potential experiments.

Sample UlV(%) UY(%) UV(%)

Uuo; 38+5 48+ 5 14 £5
UO,—5 wt.% Gd03 49+5 47 +£5 4+5
U0,—10 wt.% Gd, O3 87 +5 1345 0+5

Shoesmith et al. reported a reaction sequence on unirradiated UO, electrodes in basic
solutions in terms of Ecogrr [27]. For Ecorr < —0.1 'V, the oxidation of UO, surface occurs,
as a thin surface layer UV /UV is being formed. Therefore, it is expected that the oxidized
states UV and UV dominates the surface composition. The surface becomes more oxidized
as Ecorr increases. For Ecorr > —0.1 'V, the oxidative dissolution of the oxidized layer
(as UO,?*) occurs, hence the presence of UY! is expected as no complexing agents like
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bicarbonate are present in the solution. For Ecorgr > 0 V, the formation of secondary phases
(in the form of UO3-H;0) is expected to take place on the electrode surface.

According to our XPS measurements, the composition of the surface obtained after
the corrosion experiments are consistent with Ecorr values registered at steady state. For
undoped UO;, electrode, the presence of UV! can be explained due to oxidative dissolution
explained for Ecorr > —0.1 V. For doped electrodes, only the oxidation of UO, surface
occurs, as no UV was significantly measured (Ecorr < —0.1 V). However, in the 10 wt.%
Gdy0O;3 electrodes, only a slight oxidation of the UO, surface (uv composition of 13%) was
observed, which is in agreement with the low Ecorr value obtained (—0.27 V, close to the
oxidation threshold). On the contrary, the 5 wt.% Gd,O3; doped UQO; electrode registered a
higher Ecorr (—0.14 V) and a higher degree of oxidation uv composition of 47%).

These results would confirm that the formation of the thin surface layer U /UY was
influenced by Gd"-doping in the presence of silicate and calcium. Such retardation of the
oxidation process can be attributed to the ability of Gd to delay the incorporation of O*
into interstitial sites within the fluorite lattice of the UO, surface [7,15]. This effect was
particularly marked at high doping levels (10 wt.% Gd,0O3). However, despite the similar
Ecorr values achieved for undoped UO, and UO, doped with 5 wt.% Gd;0O3, a more
rapid oxidation on the undoped UO, electrode was observed (the rate of rise of Ecorr was
higher for the undoped electrode), evidencing a clear decrease in reactivity due to Gd,Os.

3. Materials and Methods
3.1. Electrode Preparation

Undoped UO, and UO; doped with 5 wt.% and 10 wt.% Gd,O3 pellets were fabricated
by mixing fine-grained powders of UO, (supplied by ENUSA, Madrid, Spain) and Gd,0O3
powders (99.9%, supplied by Sigma Aldrich, St. Louis, MO, USA). The powders were
compacted into pellets by means of a hydraulic press and sintered in a horizontal tube
furnace (5T196030 HG from Hobersal, Barcelona, Spain) at 1740 °C for 9 h in a reducing
atmosphere (5% hydrogen in 95% argon), based on the methodology explained by Baena
et al. [28]. This methodology was confirmed to be adequate for obtaining successfully
sintered Gd,O3-doped UQO; pellets [12]. The pellets, with a thickness of 3 mm and a
diameter of 12 mm, were characterised by scanning electron microscopy (SEM) and X-ray
diffraction (XRD). Then, to study the electrochemical behaviour of the pellets, electrodes
were prepared from the pellets by following the procedure described in the literature [29].
First, in order to improve the electrical conductivity, one face of the pellet was electroplated
with copper. For that purpose, the pellet was fitted at the end of a rubber tube, with the face
to be plated exposed to a solution of 0.1 mol-L~! CuSO, and a Cu metal wire immersed as
a cathode. Mercury (Thermo Scientific, Waltham, MA, USA) was poured into the rubber
tube to make an electrical contact between the pellet and a stainless-steel wire, acting as an
anode. A 10 mA current was applied for 5 min by using a laboratory power supply Manson
EP-613 (Kwai Chung, Hong Kong). The Cu-plated side of the pellet was connected to a
stainless-steel threaded post by using a conductive silver epoxy (8331-14G). The pellet was
embedded with a non-conductive epoxy EE 9466 resin so that only one side of the electrode
is in contact with the solution. The electrode was left to cure overnight in a vacuum
desiccator. The threaded stainless-steel post was screwed onto the shaft of a rotating disk
electrode (Metrohm, Herisau, Switzerland). Both the electrode and stainless-steel shaft
were tightly wrapped with poly(tetrafluoroethylene) (PTFE) to avoid entering in contact
with the solution. Prior to any experiment, the electrode was abraded using wet SiC paper
(1200 grit) and rinsed with distilled deionized water to remove any oxidized surface phase.

3.2. Electrochemical Cell and Equipment

Electrochemical experiments were conducted in a single compartment corrosion cell
Autolab 1 L model from Metrohm (Herisau, Switzerland). A standard three-electrode
set-up was used with some electrodes of UO, (doped with 0, 5 and 10 wt.% Gd,O3) as
working electrode, the counter electrode was a platinum sheet (surface area ~1 cm?) and the
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reference electrode was an Ag/AgCl (3 M KCl) electrode. All potential values are recorded
versus the Ag/AgCl standard reference electrode (+0.208 V, 25 °C vs. standard hydrogen
electrode (SHE)). Experiments were conducted at room temperature. All electrochemical
experiments were performed using Multi Autolab Potentiostat-Galvanostat M204 from
Metrohm, (Herisau, Switzerland). NOVA software 2.1 (Metrohm, Herisau, Switzerland)
was used to record and to analyse the data.

3.3. Electrochemical Techniques

Four general types of electrochemical techniques were carried out: cyclic voltammetry
(CV), potentiostatic oxidation, cathodic stripping voltammetry (CSV) and corrosion poten-
tial (Ecorr). Prior to any experiment, the electrode was cathodically cleaned for 120 s at
—1.6 V to remove UV oxides present on the surface. CV is a potential tool to investigate the
potential at which UO; undergoes oxidation or reduction in a solution. In that regard, the
potential (V) was scanned from —1.6 V to 0.6 V and back at a rate of 10 mV-s~! while record-
ing the current. The electrode rotation rate was held constant at 1000 rpm. In potentiostatic
oxidation experiments, a constant anodic potential of 0.4 V was applied to the electrode for
an hour and current-time profiles were recorded. This technique is capable of identifying
variations in oxidation rates and levels of the electrode at a specific oxidizing potential due
to Gd doping. After the anodic oxidation, the surface of the electrode was analysed by XPS.
Immediately after a second set of identical potentiostatic oxidation experiments, cathodic
stripping voltammetry was conducted in order to reduce the oxidized surface layer formed
on the electrode. The cathodic charge measured can serve as an indicator of the layer
thickness. This was performed by scanning the potential from the potentiostatic oxidation
potential (0.4 V) to —1.6 V at a scan rate of 10 mV-s~!, while the current was registered.
Finally, in the corrosion potential experiments, the working electrode was immersed in the
solution for 24 h, while the potential that exists across the electrodes and electrolyte was
measured in the absence of any current flow. This measurement serves as an indicator of
the tendency of an electrode to corrode in a specific environment and XPS analysis was
performed after the Ecorr measurement.

3.4. Solution

The solution used for all experiments was 0.1 mol-dm 3 NaCl (99.0%, Sigma Aldrich,
St. Louis, MO, USA) as a supporting electrolyte, containing 10~2 mol-dm 2 SiO32~
(NaSiO3-5H,0 (99.0%, Sigma Aldrich, St. Louis, MO, USA)) and 103 mol-dm—3 Ca?*
(CaCly (99.0%, Sigma Aldrich, St. Louis, MO, USA)). In addition, for testing the per-
formance of the electrodes in cyclic voltammetry experiments, a solution that contained
0.1 mol-dm—3 NaCl (99.0%, Sigma Aldrich, St. Louis, MO, USA) and 51072 mol-dm—3
of NaHCOj3 (99.0%, Sigma Aldrich, St. Louis, MO, USA) was prepared. All solutions
were prepared using ultrapure water obtained from a Milli-Q water purification system
(Merck, Darmstadt, Germany). The pH of the solutions was adjusted to 10 using HCl or
NaOH and measured with an Orion model 720A pH meter (Waltham, MA, USA). The pH
was measured periodically and did not vary more than 1% throughout the experiments.
The solutions were bubbled with N, (99.99%, Nippon Gases, Tokyo, Japan) before any
experiment for 1 h to purge and during the experiments.

3.5. XPS Analysis

XPS analyses were performed to observe changes in the oxidation of the electrode
surface after potentiostatic oxidation and corrosion potential experiments. A SPECS system
equipment (Berlin, Germany) with an Al anode XR50 source operating at 150 W and a
Phoibos MCD-9 detector was used. The sensitivity of the equipment was £0.1 eV of
binding energy (BE). The spectra were recorded at a pressure below 108 mbar. The spectra
were evaluated using CasaXPS software (Casa Software Ltd., Teignmouth, UK) version
2.3.25. C 1s peak was set at 285.0 eV to correct surface charging. The spectra were fitted
using a 30% of Lorentzian curve and 70% of Gaussian curve with a Shirley background
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correction. The U4f;,, and U4fs, regions were used to determine the total amount of each
uranium oxidation state (U, UY and UVY) by the deconvolution of the peaks [30-34]. The
position of the satellite peaks was used to validate the curve-fitting procedure.

Before transferring to the XPS spectrometer for XPS measurements, electrodes were re-
moved from the electrochemical cell, gently rinsed with MilliQ water to remove electrolyte
residue and dried in a desiccator.

3.6. SEM Measurements

A Phenom XL scanning electron microscope coupled to an energy dispersive X-ray
detector (EDX) from PhenomWorld (Waltham, MA, USA) was used to analyse the mi-
crostructure of the samples.

3.7. X-ray Diffraction (XRD)

A Bruker D8 diffractometer (Karlsruhe, Germany) with an X-ray source of Cu Ko
radiation (A = 1.54056 A) at 45 kV and 35 mA was used to analyse the crystal structure of
the samples.

4. Conclusions

The effect of Gd (5 wt.% and 10 wt.% Gd;O3) on the electrochemical behaviour of UO,
was investigated in a slightly alkaline solution in the presence of silicate and calcium. Cyclic
voltammetry experiments showed that the anodic oxidation/dissolution mechanism on
Gd03-UO; was similar to that on undoped UO, electrode. However, the corrosion process
of doped UO; decreases, as lower current densities were registered. Both potentiostatic
and Ecorr experiments showed that such retardation effect was small when doping with
5 wt.% GdO3, however, it was strongly enhanced when Gd;O3 content is around 10 wt.%
Gd,O3. This behaviour is commonly attributed to the reduction in the availability of oxygen
vacancies to accommodate O~ ions during oxidation in the UOj lattice, as Gd™-O vacancy
clusters might be formed.

In addition, the presence of silicate and calcium in solution was found to have influence
on the oxidation of UO;, leading to a suppression of anodic dissolution probably due to
the adsorption of these ions on the electrode surface. This is in contrast to solutions that
contain bicarbonate ions, which are known to form soluble complexes with UO,%* and
to accelerate UO, corrosion. Additional experiments with solution containing Ca, Si and
carbonate would be required to investigate which effect would predominate.

In conclusion, both Gd,O3 doping and the presence of silicate and calcium in solution
are factors that decrease the reactivity of UO,, which is beneficial for the assessment of
repository safety, as an important fraction of the radionuclide release would be inhibited.
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Abstract: The direct incorporation of Sb(V) ions into a polycondensed silsesquioxane network based
on heptaisobutyl POSS units (Sb(V)-POSSs) through a corner-capping reaction is reported for the
first time in this work. As a reference sample, a completely condensed monomeric Sb(III)-POSS was
prepared using a similar synthetic protocol. The chemical properties of both Sb-containing POSSs
were investigated with different analytical and spectroscopic techniques. The analyses confirm the
success of the corner-capping reaction for both samples and indicate that an Sb(V)-POSS sample is
characterized by a heterogenous multimeric arrangement with an irregular organization of POSS
cages linked to Sb(V) centers, and has a more complex structure with respect to the well-defined
monomeric Sb(IIT)-POSS.

Keywords: antimony; silsesquioxane; polyhedral oligomeric silsesquioxane; POSS; corner-capping

reaction

1. Introduction

Polyhedral oligomeric silsesquioxanes (POSSs) are a unique class of condensed oligomeric
organosilicon compounds consisting of an inorganic cage and pendant arms (e.g., H or
organic moieties) bound to its apexes. The silicon atoms of the cage are covalently bound
to 1/2 oxygen (sesqui-) and hydrogen or hydrocarbon units (-ane), globally forming a 3D
siloxane (Si-O-Si) skeleton consisting of tetrahedral base units with a generic chemical
formula (RSiO3,;),, where n = 4-18 and R = H or organic substituents [1-4]. Because of
their unique nature, they are considered to be excellent models for silica surface sites [5,6]
and are very interesting building blocks for the development of hybrid organic-inorganic
materials with well-defined physicochemical properties exploitable in many scientific and
technological fields [3,7-11].

In addition to completely condensed POSSs with a cubic RgSigOj; structure and an
inorganic cage diameter of 0.5 £ 0.7 nm [1,2], incompletely condensed POSSs containing re-
active silanol groups (Si-OH) (e.g., trisilanol R;SiyO9(OH)3) in their core framework [12,13]
represent a more interesting class of silsesquioxanes, owing to their ability to bind different
functionalities to the inorganic core through reactions with a wide range of organosilanes
or heteroelement precursors, the latter in the form of metal halides or alkoxides [13-16].
In the last few years, POSSs have been combined with several elements, from alkali to
alkaline earth metals [17-21], metalloids [22-25], transition metals [11,16,25,26], and some
lanthanides and actinides [19,27-34]. The construction of metal-containing POSSs [35-37]
is achievable through different strategies: (i) a corner-capping reaction, one of the most
studied in the literature, in which the Si-OH groups of partially condensed POSSs react
with metal ions to generate fully condensed silsesquioxanes [2,38,39]; (ii) a complexation
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reaction, where the hydrocarbon groups bonded to the silicon atoms of the cage coordinate
the metals [40-42]; and (iii) an interaction between the Si-O~ units of POSS molecules and
the metal ions [32,34].

Over the years, several elements in group 15 (pnictogens) of the periodic table have
been studied in combination with polysilsesquioxanes and molecular POSSs [43]. Among
them, antimony-containing silsesquioxanes are the most investigated, in particular by
Feher et al. during the decade 1990-2000 [43—45]. In their work, a series of open-corner
cyclohexyl-POSSs were reacted with either (i) a trivalent antimony salt (SbCl3) through a
base-catalyzed corner-capping reaction in benzene at room temperature, giving the corre-
spondent a completely condensed cubic pnictite ester (c-C¢H11)7Siy012Sb™) [44], or (ii) 1-3
equivalents of the organometallic pentamethylantimony (MesSb), leading to the formation
of corresponding mono-, di-, and tri- SbMey-subistited, open-cage silsesquioxides, thus
providing an alternative pathway for the preparation of these types of M-POSSs [45]. For
Sb(V)-POSS, a monomeric structure with three methylated Sb(V) ions directly attached to
three oxygen atoms of the partially condensed silica cage was obtained [45]. Attempted
oxidation of Sb(IIl) to Sb(V) via ozonolysis in cyclohexyl-POSS samples did not lead to any
experimental evidence regarding its formation [43,44]. To the best of our knowledge, no
attempts have been made to incorporate in a simple synthetic way, without using expensive
organic precursor Sb(V) ions directly in the POSS molecular structure.

The inclusion of Sb(V) and Sb(III) ions in POSS structures could be beneficial for
the preparation of novel flame-retardant and/or fire-resistant micro- and nano-composite
materials. Indeed, silsesquioxanes represent a fascinating 3D hybrid platform for the
preparation of polymer/POSS composite materials with tailored fire-related properties
(i.e., thermal inertia, ignition temperature, etc.) [17,46—49]. Antimony tri- and pentox-
ides, along with trihalides and oxyhalides, are well-known for their fire retardancy or
resistance properties either in combination with halogenated compounds or blended into
suitable composite matrices [50-52] (as halogen-functionalized clays [53] or organoclay
combined with plasticizers in thermoplastic polymers [54]), thanks to the establishment of
synergistic effects.

Based on these considerations, in this work, we propose the direct incorporation
of Sb(V) ions into a polycondensed silsesquioxane matrix through a reaction between
trisilanol heptaisobutyl POSS and antimony pentachloride salt in equimolar amounts
(Sb(V)-POSS, Scheme 1). The preparation was carried out following a corner-capping reac-
tion procedure [27,43-45,55,56] and realized in anhydrous tetrahydrofuran in the presence
of triethylamine. A completely condensed monomeric Sb(IIT)-POSS was also synthetized
with the same procedure as a reference sample.
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Scheme 1. (A) Schematic representation of the synthesis procedure of Sb(V)—POSS and Sb(III) -POSS
samples. (B) Graphical representation of the structures of Sb(V)—POSS and Sb(III)—-POSS.

2. Results and Discussion

A pentavalent antimony-POSS sample (Sb(V)-POSS) was prepared by adapting a
corner-capping procedure already used for the preparation of Sb(IlI)-containing silsesquiox-
anes [27,43-45,55,56]. The experimental parameters, such as temperature and reaction time,
were optimized to achieve a high yield of the materials prepared in this study, while main-
taining a stoichiometric ratio of 1:1 between the starting reactants. In detail, the preparation
of Sb(V)-POSS was performed in a single step, exploiting a base-assisted corner-capping
reaction between the partially condensed trisilanol heptaisobutyl POSS (hib-POSS) and
the Sb(V) pentachloride salt (SbCls) in an equimolar ratio. The reaction was carried out at
50 °C for 4 h in an inert atmosphere (under N flow). The reaction mixture was carefully
purified and a final oily orange product was obtained. The same experimental protocol
was used in the preparation of the trivalent Sb(III)-POSS reference.

The chemical composition of the two samples was evaluated by combining elemental
CHN and ICP-AES data. For Sb(III)-POSS, the amounts of Sb(III) and carbon corresponded
to 1.1 and 31.3 mmol/g, respectively. Considering the organic composition of the POSS
unit, it was possible to conclude that each POSS cage was bound to a single Sb(IIl) ion, with
the formation of a fully condensed monomeric structure, in agreement with the results
obtained by Feher et al. and Alphazan et al. for the preparation of cyclohexyl-POSS and
heptaisobutyl-POSS containing Sb(IIl) ions through a corner-capping reaction [43-45,55,56].
By contrast, the stoichiometry of Sb(V)-POSS is completely different; the elemental analysis
indicated a carbon/Sb(V) molar ratio value of 88.9, thus suggesting a multimeric structure
of the sample with three POSS cages coordinated with one Sb(V) center.

The structural features of Sb(V)-POSS were analyzed via X-ray powder diffraction
(XRPD) and the diffractogram was compared to that of both Sb(III)-POSS and the open-
corner hib-POSS reactant. The X-ray pattern of Sb(V)-POSS (Figure 1c) was characterized
by two main broad signals centered at 7 and 19° 20. Compared to the X-ray profile of
hib-POSS (Figure 1a), most of the intense and well-resolved crystallographic signals were
lost after the reaction. This indicated a loss of order in the arrangement of the silsesquioxane
molecules, thus suggesting a mostly irregular rearrangement in the structural network
of the POSS cage linked to Sb(V). A similar behavior was also observed for POSS-based
polysilsesquioxanes functionalized with Eu®* and/or Tb3* ions and, more generally, in
silica-based nanostructures possessing some degree of amorphous components [32,34,57].
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Instead, Sb(III)-POSS (Figure 1b) showed a different profile, with the presence of a well-
defined reflection at 8.3° 20 along with several less intense bands at high 26 values. The
presence of these signals suggested a more orderly assembly of the monomeric Sb(III)-POSS
with respect to the Sb(V)-POSS sample.
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Figure 1. X-ray profiles of hib—POSS (a), Sb(III)-POSS (b), and Sb(V)—POSS (c).

The occurrence of the corner-capping reaction was confirmed through FT-IR spec-
troscopy by dispersing the solids in a KBr matrix (0.5 wt.%). The vibrational spectrum
of Sb(V)-POSS (Figure 2b) was compared to that of both Sb(III)-POSS (Figure 2c) and
the reactant hib-POSS (Figure 2a). The IR spectrum of hib-POSS showed two bands at
3250 cm~! and at 890 cm ™!, assigned to the stretching of OH and Si-OH groups, respec-
tively. Absorption in the 30002800 and 1500-1200 cm ! ranges were attributed to the
stretching and bending vibrations of the isobutyl fractions bound to the POSS cage. An
intense band centered at 1100 cm !, due to the vibration modes of the Si-O-Si units, was
also detected [58]. After reacting with the metal precursors, the vibrational modes of
isobutyl moieties remained unchanged, denoting a preservation of the organic fraction
of the POSS unit [27,33,56]. Furthermore, the band attributed to the stretching of Si-O-Si
groups appeared to be less intense. This was mainly evident in the spectrum of the Sb(V)-
POSS sample. This latter feature is indicative of a local modification of silsesquioxane cage
symmetry due to coordination with Sb(III) or Sb(V) ions, consistent with existing literature
data on the combination of POSS with several metal centers [29,32,34,59,60]. Finally, the ab-
sorptions at 3250 and 890 cm ! were eroded and an intense band at 920 cm~! and 985 cm ™!,
attributed to the stretching of Si-O-Sb bonds for Sb(II)-POSS and Sb(V)-POSS, respectively,
appeared evident in the spectra [56]. In general, this information indicates the success of
the corner-capping reaction, with the production of a condensed structure [37,43,61,62].
In the case of the Sb(IIT)-POSS sample (Figure 2b), the band at approx. 3400 cm~! was
assigned to the stretching modes of physisorbed water in the matrix. Signals typical of tri-
ethylamine hydrochloride were not present in the IR profiles of either Sb-POSS compound,
thus indicating a complete purification of both reaction products.

The XRPD and FT-IR results are well supported by NMR spectroscopy applied to
'H and #Si nuclei. Samples were thoroughly dissolved in CDCl; for all analyses (see
Section 3). The high-resolution H NMR spectrum of Sb(V)-POSS (Figure 3c) was compared
to that of both Sb(III)-POSS (Figure 3b) and hib-POSS (Figure 3a). The 'H NMR spectrum of
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hib-POSS showed three main peaks ascribed to the -CH (1.87 ppm), -CH; (0.61 ppm), and
-CHj3 (0.98 ppm) protons of the isobutyl groups bound to the POSS cage (Figure 3a) [13,63].
The same profile was also detected for Sb(III)-POSS (Figure 3b), in agreement with previous
observations by Feher et al. [44,45] and the 'H NMR spectrum of Sb(V)-POSS (Figure 3c)
showed a significant line broadening of the peaks. In addition, a second group of less
intense peaks appeared at low ppm (0.68 ppm), which could suggest the presence of two
different sets of chemically equivalent methylene groups in different chemical surroundings.
The complexity of the structure of Sb(V)-POSS was also confirmed by 2’Si NMR data.
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Figure 2. FT-IR spectra of hib—POSS (a), Sb(III) -POSS (b), and Sb(V)—POSS (c) dispersed in a KBr
matrix (0.5 wt.%) measured at room temperature (r.t.). Spectra were normalized to the intensity of d
isobutyl groups between 1500 and 1200 cm™!.
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Figure 3. 'H NMR spectra in CDCl3 of hib—POSS (a), Sb(III) -POSS (b), and Sb(V)—POSS (c).
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High-resolution 2Si NMR spectra of all compounds provided additional information
on the distribution of silicon sites before and after the corner-capping reaction with anti-
mony ions. As a general note, the 2’Si-NMR spectrum of hib-POSS (Figure 4a) showed three
well-defined signals at —58.8, —67.4, and —68.6 ppm (3:1:3 ratio). The peak at —58.8 ppm
was assigned to the three silicon atoms bound to the hydroxyl groups (Si-OH), whereas the
other peaks were ascribed to the remaining silicon sites of the cage [13,27,59,64].
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Figure 4. 2°Si NMR spectra in CDCl3 of hib—POSS (a), Sb(II)~POSS (b), and Sb(V)—POSS (c).

The absence of the signal at —58.8 ppm in the 2Si NMR spectrum of Sb(III)-POSS
(Figure 4b), along with the presence of a new peak at —68.2 ppm attributed to the Si-
O-Sb(I1I) sites, verified the formation of a fully closed monomeric structure (Figure 5A),
in agreement with previous literature studies on the preparation of Sb(IlI)-doped POSS
compounds [44,45,55,56]. Instead, the °Si NMR spectrum of Sb(V)-POSS (Figure 4c)
appeared to be more complicated, with the presence of several peaks. The signals at low
ppm (from —65 to —70 ppm) were associated with polycondensed silicon sites in different
chemical surroundings, while those between —54 and —60 ppm could be assigned to a
fraction of residual silanols (not clearly detectable in the IR spectrum), which were partially
involved in coordination with Sb(V) [59]. These results supported the elemental, diffraction,
and IR data and confirmed that Sb(V)-POSS is characterized by a more heterogeneous
multimeric structure with different stoichiometry, compared to that of monomeric Sb(III)-
POSS and to the structures reported in the literature [45]. A hypothetical arrangement of
the POSS cages around the Sb(V) site, in analogy to other metal-containing POSS structures
previously reported [64,65], is shown in Figure 5B. This representation is based on the Sb/C
elemental ratio calculated by CHN analysis and corroborated by the NMR DOSY results.
The structures were generated using the Avogadro software (ver. 1.2), optimizing their
geometries with the Universal Force Field (UFF).
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Figure 5. Schematic representation of the structures of Sb(III)-POSS (A) and Sb(V)—POSS (B).

These considerations were also proven with 2D diffusion-ordered spectroscopy (DOSY)
'H NMR spectra collected for the reference hib-POSS and Sb(V)-POSS samples (Figure 6a
and Figure 6b, respectively). The DOSY spectra were recorded in order to determine the
molecular translation diffusion coefficients and to estimate the particle size of both samples
by applying the Stokes—Einstein Equation (1) defined below:

ky T

Di [mZ/S} - 67711

)
where D is the translational diffusion coefficient of the sample analyzed (m?2/s), h is the
viscosity of the solvent used in the NMR experiments (CDCl3, 0.510 mPa-s), k; is the
Boltzmann constant (1.380649-10%% J/K), T is the temperature (300 K), and r is the radius of
the spheroidal molecule (A) [66-68].
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Figure 6. Combined 2D DOSY 1H NMR spectra in CDCl3 of hib—POSS (a) and Sb(V)—POSS (b).
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The 'H spectrum of Sb(V)-POSS is reported on the F2 axis and the translational
diffusion constants on the F1 axis (in logarithmic scale, m?/s). For the sake of clarity,
we decided to plot only the 'H NMR spectrum of Sb(V)-POSS on the F2 axis; however,
the data in the 2D image are related to both Sb(V)-POSS and hib-POSS samples. The
spectra in Figure 6 show a set of three signals for both hib-POSS (Figure 6a) and Sb(V)-
POSS (Figure 6b), with a double component visible in the case of the latter. The Dy
values extrapolated by the DOSY NMR data were found to be equal to 5.13-1071% and
3.16:1071 m?2 /s for hib-POSS and Sb(V)-POSS, respectively, corresponding to a particle
radius of 8.4 A for hib-POSS and of 13.6 A for Sb(V)-POSS. The mean particle size of the
Sb(V)-POSS compound was around twice that of the POSS reactant. This result confirmed
the existence of a high-molecular-weight multimeric structure for Sb(V)-POSS, compatible
with the presence of three POSS units attached to the metal center (Figure 5B). Moreover, a
second minor component with a lower diffusion coefficient at 0.68 ppm, already observed
in the 'H NMR spectrum, was also observed (Figure 6b).

3. Materials and Methods
3.1. Reactants

Trisilanol heptaisobutyl silsesquioxane (hib-POSS) was purchased from Hybrid Plas-
tics Inc. (Hattiesburg, MI, USA) and stored at 277 K in the refrigerator. Other chemicals were
purchased from Sigma-Aldrich/Merck KGaA (Darmstadt, Germany) and stored at room
temperature (r.t.), apart from deuterated chloroform (CDCl3, 99.8 atom %D), which was
stored at 277 K in the refrigerator. All compounds were used without further purification,
unless stated otherwise.

3.2. Materials
3.2.1. Synthesis of Sb(III)-POSS

The completely condensed Sb(III)-doped heptaisobutyl POSS was prepared through a
corner-capping reaction, inspired by several synthetic procedures adopted in the literature
for the preparation of trivalent antimony-substituted silsesquioxanes [27,43-45,55,56].

In detail, 0.151 g of SbCl; (0.66 mmol; >99.95%) was added with vigorous stirring to a
solution of 0.500 g of hib-POSS (0.63 mmol) in 30 mL of anhydrous distilled tetrahydrofuran
(THF; 0.37 mol; >99.9%) in the presence of 544 mL of triethylamine (EtsN; 5.22 mmol;
>99.5%). The reaction was carefully purged with nitrogen for 10 min. The temperature was
increased to 50 °C and the mixture was stirred for 4 h. Afterwards, the reaction mixture
was filtered to remove unreacted reagents and by-products. The filtered solution was
evaporated in vacuo and the resulting solid sample was extracted in chloroform (CHCls;
>99.8%) (10 mL + 10 mL of ultrapure water, 3 times); an appropriate amount of sodium
sulphate (NaySOy4; >99.0%) was then used to remove any traces of residual water. The
extracted sample was filtered again, evaporated in vacuo, and finally dried overnight in an
oven at 50 °C, obtaining a white solid, hereafter named Sb(III)-POSS (yield = 81.7%).

3.2.2. Synthesis of Sb(V)-POSS

Sb(V)-POSS was prepared following the procedure previously described. In detail,
78.5 mL of SbCls5 (0.66 mmol; >99.99%), carefully dissolved in 10 mL of anhydrous distilled
THF (0.12 mol), was added with vigorous stirring to a solution of 0.500 g of hib-POSS
(0.63 mmol) in 20 mL of anhydrous distilled THF (0.25 mol) in the presence of 544 mL
of EtzN (5.22 mmol). The reaction was carefully purged with nitrogen for 10 min. The
temperature was increased to 50 °C and the mixture was stirred for 4 h. Afterwards, the
reaction mixture was filtered to remove unreacted reagents and by-products. The filtered
orange solution was evaporated in vacuo and the resulting oily sample was extracted in
CHClj3; an appropriate amount of Na;SO,4 was then used to remove any traces of residual
water. The extracted sample was filtered again and evaporated in vacuo, obtaining an oily
orange compound, hereafter named Sb(V)-POSS (yield = 62.1%).
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3.3. Analytical Methods

Elemental analyses were performed with an Ametek Spectro Genesis EOP Inductively
Coupled Plasma Atomic Emission Spectrometer (ICP-AES) (Kleve, Germany) equipped
with a cross-flow nebulizer with simultaneous spectrum capture in the 175-770 nm wave-
length range. The compounds were mineralized in a mixture of HNO3 70% and HF 48% at
373 K for 8 h, and then opportunely diluted in 1 wt.% HNOj3 solutions before analysis.

CHN elemental analyses were performed with an EA3000 CHN Elemental Analyzer
(EuroVector, Milano, Italy). Acetanilide, purchased from EuroVector (Milano, Italy), was
used as the calibration standard (C % = 71.089, H % = 6.711, N % = 10.363).

X-ray powder diffractograms (XRPDs) were collected on unoriented ground powders
using a Bruker D8 Advance Powder Diffractometer (Karlsruhe, Germany), operating in
Bragg—Brentano geometry with a Cu anode target equipped with a Ni filter (used as the
X-ray source) and a Lynxeye XE-T high-resolution position-sensitive detector. Trio and
Twin/Twin optics were mounted on the DaVinci Design modular XRD system. The X-ray
tube of the instrument operated with a Cu-K,; monochromatic radiation (A = 1.54062 A),
with the current intensity and operative electric potential difference set to 40 mA and
40 kV, respectively, and with automatic variable primary divergent slits and primary and
secondary Soller slits of 2.5°. The X-ray profiles were recorded at room temperature in
the 5°-50° 20 range with a coupled 26—-6 method, continuous PSD fast scan mode, time
per step (rate or scan speed) of 0.100 s/step, and a 26 step size (increment) of 0.01°, with
automatic synchronization of the air scatter (or anti-scatter) knife and slits, and a fixed
illumination sample set at 15 mm.

Fourier-transform infrared (FI-IR) spectra were collected using a Thermo Electron Cor-
poration FT Nicolet 5700 Spectrometer (Waltham, MA, USA) in the range 4000400 cm !
with a resolution of 4 cm~1. IR spectra of the solids mixed with potassium bromide (KBr,
0.5 wt.%) pellets were measured in absorbance mode at beam temperature (b.t.). All
spectra were normalized to the intensity of the bending modes of isobutyl groups in the
1500-1200 cm ! region.

Then, 1D 'H (500 MHz), 2%Si-{1H} (99.34 MHz), and 2D DOSY (diffusion-ordered
spectroscopy) 'H Nuclear Magnetic Resonance (NMR) spectra in solution were recorded
at 300 K with a Bruker Advance III Spectrometer equipped with a wide bore 11.7 Tesla
magnet. The 1D experiments were carried out by dissolving an appropriate amount of each
sample (40 mg) in 600 pL of CDCl3 and placing them in 5 mm NMR tubes for analyses.
A 'H-decoupling method was used in 2’Si experiments to enhance their signals. The 2D
DOSY 1H experiments were performed by dissolving ~55-65 mg of each sample in 550 pL
of CDCl3. The spectrometer was equipped with a 5 mm double-resonance Z-gradient
broadband probe, with the inner coil optimized for the observation of nuclei between 3!P
and "N and for F (BBFO), and a Bruker BVT-3000 unit for temperature control. All
chemical shifts were reported using the 5 [ppm] scale and were externally referenced to
tetramethylsilane (TMS) at 0 ppm. Thermogravimetric analysis, TGA, was performed over
a Perkin Elmer 7HT apparatus. Analyses were run under dry air with a heating temperature
program of 5 °C min~!, from 50 °C to 950 °C. Samples of ca. 10 mg were weighed.

4. Conclusions

In conclusion, we report the direct incorporation of pentavalent antimony ions into a
polycondensed silsesquioxane network consisting of heptaisobutyl polyhedral oligomeric
silsesquioxane cages as base units. The synthesis of the Sb(V)-POSS compound was
accomplished through a corner-capping reaction carried out under mild experimental
conditions. A completely condensed heptaisobutyl POSS bound to a single trivalent
antimony ion was also prepared as a reference compound. A detailed investigation of the
chemical properties of the samples was performed through a multi-technique approach.
The ratio between POSS molecules and Sb(V) ions, estimated by CHN and ICP-AES
analyses, suggests the average presence of three silsesquioxane cages linked to one Sb(V) ion.
Infrared analyses confirmed the successful incorporation of the Sb(V) ions into the inorganic

145



Inorganics 2023, 11, 426 10 of 12

framework. X-ray powder diffraction studies, combined with 1D 'H and ?°Si NMR spectra,
further demonstrate the multimeric nature of the Sb(V)-POSS sample, consisting of an
irregular organization of Sb(V)-linked POSS cores in the final structural network. Moreover,
the molecular size of Sb(V)-POSS was found to be approx. two times greater than that of
trisilanol heptaisobutyl POSS. Future studies will be focused on the application of these
Sb-POSSs as flame-retardant additives for polymeric composites.
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Abstract: A mixture of nonlabeled (1*N,H,) and 1°N labeled hydrazine (1’N,Hy) in an aqueous
solution is oxidized to 1°N,, 1¥N,, and ¥N'°N molecules, indicating the intermediate existence of
the 1¥NH,-1“NH-NH->NH, with subsequent hydrogen transfers and splitting of side N-N bonds.
The structures, thermodynamics and electron characteristics of various NyHg molecules in aqueous
solutions are investigated using theoretical treatment at the CCSD/cc-pVTZ level of theory to explain
the crucial part of the hydrazine oxidation reaction. Most NyHjg structures in aqueous solutions are
decomposed during geometry optimization. Splitting the bond between central nitrogen atoms is the
most frequent method, but the breakaway of the side nitrogen is energetically the most preferred
one. The N-N fissions are enabled by suitable hydrogen rearrangements. Gibbs free energy data
indicate the dominant abundance of NHj... Nj... NHj species. The side N atoms have very high
negative charges, which should support hydrogen transfers in aqueous solutions. The only stable
cyclo-(NH)y. . .H; structure has a Gibbs energy that is too high and breaks the H, molecule. The
remaining initial cyclic structures are split into hydrazine and HN=NH or HN=N species, and their
relative abundance in aqueous solutions is vanishing.

Keywords: Coupled Cluster; geometry optimization; N-N bond splitting; QTAIM analysis;
electron structure

1. Introduction

Hydrazine N,Hy is a colorless flammable liquid that is used in industry and agriculture
due to its reducing properties. It is used as a corrosion inhibitor in boilers, as a rocket
propellant, antioxidant, catalyst, and pesticide precursor. In boiler water, it serves as an
oxygen scavenger that reacts with oxygen into nitrogen and water only, which does not
cause corrosion of ferrous metals. Unreacted hydrazine can be decomposed into ammonia,
which can be corrosive to copper and copper-containing alloys [1]. Thus, the knowledge of
the exact mechanism of its oxidation is of practical importance so far.

Higginson and Sutton [2] studied the oxidation of °N-enriched hydrazine by an
excess of various oxidizing agents in aqueous solutions. Mass spectroscopic analysis of
the evolved nitrogen for 28, 29 and 30 mass-number abundance (i.e., incidence of 14N,
15NN and !°N, molecules, respectively) has shown that the proportion of 1°N, molecules
decreased while that of "N'*N molecules increased depending on the oxidizing agent
used. If the nitrogen produced by the reaction

2N,H; — Ny + 2 NHj; (1)

involves no N-N fission, the evolved Nj molecule originates in the same NpHy molecule,
and therefore it must have the same distribution of N isotopes as the hydrazine reactant.
This implies that some of the nitrogen molecules are formed by a mechanism involving a
N-N fission and the formation of nitrogen-containing radicals from two different hydrazine
molecules as follows:
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15N H,-°NH, + “NH,-¥NH, — °®NH,-°NHe + ¢*NH-'*NH, — °>NH,-°NH-*NH-“NH, 2)
NH,-"°NH-"NH-"*NH, — ""NHj3 + '°NH = “N-"NH, — "NH; + "N'*N + *NH; ®)
PNH,-"NH-"*NH-"*NH, — "NH,-"°N = “NH + *NH; — ""NH; + "N"*N + “NH; €Y

Cahn and Powell [3] confirmed the randomized NN composition obtained by
one-electron oxidation of >N enriched hydrazines with a number of oxidizing agents
unlike exclusively four-electron oxidizing agents (acid iodate, alkaline ferricyanide) that
produced unrandomized N; molecules (all four hydrogen atoms must be removed from a
single hydrazine molecule). Petek and Bruckenstein [4] observed that the electrooxidation
of 1°N labelled hydrazine (96.7% enrichment) at the Pt electrode produced N; molecules
with the ratio of *N'°N /15NN = 0.07 + 0.01 while in Ce(IV) solutions it was 0.9 =+ 0.2.
A ratio of both isotopic forms between these two limits was produced by simultaneous
electrooxidation and homogeneous oxidation with electrogenerated Ce(IV).

A bright yellow substance, stable under —178 °C, is formed after thermal decompo-
sition of hydrazine at high temperatures (~850 °F) and low pressures (~0.5 mm Hg) ina
flowing system [5]. The authors suppose that it is tetrazane N4Hg.

Based on polarographic and voltammetric studies of hydrazine in alkali solutions,
Karp and Meites [6] suggested its two-electron oxidation to diimide with subsequent
dimerization and decomposition as follows

2 No,H, — NyHy — NH;* + N3~ 5)

The proposed mechanism is also capable of explaining the randomized NN com-
position.

Ball [7] investigated the structure and some thermochemical properties of the cis- and
trans-conformations of tetrazane NH,-NH-NH-NH; using various-level ab initio methods.
Unlike nearly planar trans-conformation, the cis-conformation should be denoted as a
gauche structure (N-N-N-N dihedral angle of ca 90°).

The decomposition of hydrazine was studied at the CCSD(T)-F12a/aug-ccpVIZ//
wB97x-D3/6-311++G(3df,3pd) level of theory [8]. A comprehensive analysis of the NyHjg
singlet potential energy surfaces was performed. Three stable isomers, NH,-NH-NH-
NH;, NH;-NH-NH;=NH and NH,-NH;-N=NH,; and the transition states for H transfers
between them were obtained as well. Stabilized NH,-NH-NH-NH, formation becomes
significant only at relatively high pressures and low temperatures due to its decomposition
into NoHze + NoHze. No direct reaction between NH,-NH-NH-NH, and NH,-NH;-
N=NH, was found. NHj3 eliminations from NH,-NH-NH-NH, and NH,-NH,-N=NH, are
energetically preferred, but only NH,-NH;,-N=NH; has relatively small activation energy
for this reaction (see Table 1).

Table 1. Reaction, AE;, and activation, E,, energy data from elementary reactions on the NyHjg
potential energy surface [8].

Reaction AE; (kJ/mol) E, (kJ/mol
N>H,4 + Hb N=N — NH,-NH-NH-NH, —103.6 50.6
N,H, + H,N=N — NH,NH,N=NH, 29.0 55.4
NH,-NH-NH-NH, — NH,NH=N + NHj 7.5 178.7
NH,-NH-NH-NH; — NH,-N=NH + NHj3 —-102.5 214.1
NH,-NH,-N=NH, — NH,-N=NH + NHj —245.1 38.7
NH,-NH-NH-NH, — NH,-NH-NH,=NH 151.1 158.6
NH,-NH-NH>=NH — NH,-NH,-N=NH, —18.5 74.4
N,Hjze + NoHze — NH,-NH-NH-NH, —-152.9 0.2
NH,-NH=NHe + NH,e — NH,-NH-NH-NH, 208.9 0.2
NH=NH,-NHe + NH2e — NH,-NH-NH,=NH 682.7 0.2
NH,-N=NH,e + NHye — NH,-NH,-N=NH, 37.9 2.8
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It is evident that the decomposition of N4Hg is crucial for hydrazine oxidation with
subsequent NN molecule formation. It depends on the suitable N4Hj site of N-N bond
splitting. At first, the NH,-NH-NH-NH, isomer is formed by the reaction

N,Hjze + N,Hze — NH,-NH-NH-NH, (6)

In the next steps, H transfers and possible N-N bond splitting may proceed. The main
aim of this study is a quantum-chemical study of N4H¢ isomers in aqueous solutions solely
at the Coupled Cluster level of theory and to determine the sites of the possible N-N fission
within them. The thermodynamic properties of the decomposition reaction products enable
us to predict the possible formation of >’N*N molecules in real systems. The electronic
structure of the optimized structures will also be discussed.

2. Results and Discussion

We consider possible linear isomers of NyHg with an N1-N2-N3-N4 backbone and
the composition of N1Hp,-N2H,-N3H,-N4H,, where subscripts m, n, p and q denote the
number of H atoms bonded to individual Ni; i =1— 4, atoms,and m +n+p + q = 6. We
started geometry optimizations from anti- and syn-conformations of N1-N2-N3-N4. The
optimized structures usually correspond to gauche conformers, or some N-N bonds are
split (see Table 2). If N1 and N2 correspond to N atoms, while N3 and N4 correspond to
the N ones, then N1-N2 and N3-N4 fissions would lead to NN molecules, unlike the
N2-N3 fissions.

Table 2. N1-N2-N3-N4 dihedral angles (©1334), absolute (Gpgg) and relative (AGygg) Gibbs free ener-
gies at 298.15 K for the optimized NyHj structures obtained from the starting ones. The most stable
structure is highlighted in bold. The different structures with the same notation are distinguished by
additional letters a, b, ¢, or d.

Starting Optimized 1234 [°] Gyog [Hartree] AGyog [k]J/mol] Remarks
A2112 D2112a 168.3 —222.09177 0.00
A2121 D2121a —161.4 —222.04654 118.75
A2211 E(22)(11)a —33.7 —222.10760 —41.56 H,;N-NH, + HN=NH
A2202 A2202 —179.9 —222.04618 119.71
A2220 E(22)(20)a 146.5 —222.07817 35.7 H,;N-NH,; + HN=N
A1221 D1221 —168.5 —222.00357 231.58
A3210 E(32)(10) 14.3 —222.04629 119.42 H3N-NH; + HN=N
A3201 E(22)(11)b —142.8 —222.10755 —41.43 H)oN-NH, + HN=NH, 1—3 H rearrangement
A3201 E(3)(201) —26.5 —222.14890 —150.04 NH; + HyN-N=NH
A3111 D2112b 75.6 —222.09311 —3.52 1—4 H rearrangement
A3120 E(31)(20) —214 —222.03229 156.16 H3N-NH + H,N=N
A3102 E(3)(102)a —-177.1 —222.14926 —150.94 NHj; + HN=N-NH,
A3012 D3012a 88.8 —222.04832 114.07
A3021 A3021 176.8 —221.99866 244 .46
A3003 E(3)(00)(3) 60.4 —222.26295 —449.44 2NH3 + Ny
B2112 D2112¢ 72.0 —222.09665 —12.80
B2121 D2121b —65.0 —222.04530 122.02
B2121 D2121c —44.8 —222.04982 110.13
B2211 E(22)(11)a —33.7 —222.10760 —41.56 H,N-NH, + HN=NH
B2202 D2202a 73.7 —222.05056 108.21
B2220 E(22)(20)b —329 —222.07820 35.64 H,yN-NH, + HyN=N
B1221 F12)(21 75.8 —222.09760 —15.30 N2-N3 fission, N1-N4 bonding
B1221 F1)(22)(1 —33.3 —222.10756 —41.45 H,N-NH; + HN=NH, N1-N4 bonding
B3210 E(22)(11)c —-34.0 —222.10754 —4141 HyN-NH, + HN=NH, 1—4 H rearrangement
B3201 D2202b 80.1 —222.04758 116.02 1—4 H rearrangement
B3201 E(3)(201) —26.5 —222.14892 —150.04 NHj; + H,N=N-NH
B3111 D2112b 75.6 —222.09311 -3.52 1—4 H rearrangement
B3120 D2121d 68.8 —222.04651 118.82 1—4 H rearrangement
B3102 E(3)(102)b —20.6 —222.14678 —144.42 NHj; + HN=N-NH,
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Table 2. Cont.

Starting

Optimized

1234 [°] Go9g [Hartree] AGaggg [kJ/mol] Remarks

B3012
B3021
B3003

D3012b
D2022
E(3)(00)(3)

—59.7 —222.04910 112.02
—73.8 —222.05056 108.21 1—4 H rearrangement
60.4 —222.26235 —449.44 2 NHj; + N,

C2211
C2202
C2121

E(22)(11)d
E(22)(02)
E1111

12.3 —222.10759 —41.45 H,;N-NH; + HN=NH
29.6 —222.07822 35.58 H,N-NH; + N=NH,
23.1 —221.99631 250.64 Cyclo-N4Hy + Hp

In the case of cyclo-N4Hg isomers we can use the same notation, but any N-N fission
can lead to NN molecules because of suitable H transfers within the cycle.

We introduce the notation Xmnpq for the individual systems under study, where
X=A,BandC, and D stands for anti-, syn-, cyclic and gauche-structures and the indices m,
n, p and q are explained above. X = E denotes structures with N-N fissions, i.e., consisting
of two or three molecules after geometry optimization. X = F stands for structures with
N2-N3 fissions and subsequent N1-N4 bond formations. The N-N fissions in E and F
systems are denoted by round brackets where the mutually bonded N atoms are included
in the same bracket couple. The different structures with the same Xmnpq notation can
be distinguished by additional letters a, b, ¢, etc. For example, E(22)(11)a and E(22)(11)b
denote two different structures composed of HyN-NH; and HN=NH molecules.

The N4Hjg structures under study are shown in Table 2 and are divided into three
groups according to the initial N1-N2-N3-N4 conformations. The H atom rearrangements
during geometry optimizations are less frequent in the anti-conformations (starting A
structures) than in the syn-conformations (starting B structures). In both groups the
probability of N-N fissions is approximately 50%, and N2-N3 fissions prevail. On the
other hand, the N1-N2 fissions lead to energetically preferred products such as E(3)(201),
E(3)(102) and especially E(3)(00)(3). In the B1221 syn-conformation the mutual interaction
of N1 and N4 causes the formation of the N1-N4 bond and N2-N3 fission leading to the
structure of HyN2-N1H-N4H-N3H),, i.e., F12)(21, in gauche conformation or decomposition
to more stable HN1=N4H and HpN2-N3H, species denoted as the F1)(22)(1 system.

The relative Gibbs free energies in Table 2 are related to the structure D2112a obtained
by the reaction (6) in the first step. According to these data, the system E(3)(00)(3), which
corresponds to 15NH;, 1#NHj3 and NN molecules, is dominant among all N4Hg struc-
tures in aqueous solutions under normal conditions and the relative abundance of the
remaining systems vanishes. In general, the decomposed E systems are more stable than
the remaining structures (see Tables 2—4, Figures 1 and 2).

Table 3. Interatomic distances (in A) in the optimized Amnpq and Dmnpq structures. The different
structures with the same notation are distinguished by additional letters a, b, c, or d.

Structure

N1-N2

N2-N3 N3-N4 N1-H N2-H N3-H N4-H

D1221

D2112a

D2112b

D2112¢

D2121a

D2121b

1.341

1.423

1.432

1.424

1.413

1.423

1.019 1.015
1.840 1.338 1.017 1.016 1.021 1.018

1.012 1.011
1.467 1.431 1.018 1.014 1.016 1.014

1.012 1.011
1.419 1.440 1.015 1.018 1.013 1.015

1.013 1.011
1.428 1.437 1.017 1.016 1.014 1.015

1.011 1.020
1.480 1.412 1.017 1.015 1.021 1.018

1.010 1.017
1.467 1.417 1.013 1.018 1.020 1.019
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Table 3. Cont.

Structure N1-N2 N2-N3 N3-N4 N1-H N2-H N3-H N4-H
1.013 1.017

D2121c 1.413 1.504 1.409 1.024 1.017 1.020 1.020
1.010 1.016

D2121d 1.423 1.467 1.415 1.013 1.018 1021 1.018

A2202 1.427 1.454 1.443 1.016(2x) 1.021(2x%) - 1.013(2 %)

D2202a 1.459 1.422 1.446 1.017(2x%) 1.016 - 1.012

’ ’ ’ ’ 1.022 1.013

1.016 1.017 1.012

D2202b 1.464 1.418 1.446 1.018 1.021 - 1.014

1.016 1.012

D2022 1.459 1.421 1.447 1.017(2x) - 1.022 1.013
1.016 1.020

A3021 1.463 1.452 1.433 1.024(2x) - 1.025 1.019

1.016 1.015

D3012a 1.463 1.418 1.463 1.021(2) - 1.013 1017

1.014 1.014

D3012b 1.493 1.395 1.485 1.0212x) - 1.021 1.017

- "y |
& . N s
Y \-\\

A3021

D3012a

Figure 1. Optimized geometries of stable A and D structures (N—blue, H—white).
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._f'.ﬁg

§—

E(3)(00)(3)

Co

E(31)(20)

e

E(3)(201)

Figure 2. Optimized geometries of stable E systems (N—blue, H—white).

Table 4. Interatomic distances (in A) in the optimized Emnpq and Fmnpq systems. The different

structures with the same notation are distinguished by additional letters a, b, c, or d.

System N1-N2 N2-N3 N3-N4 N1-H N2-H N3-H N4-H

E1111 @ 1.476 1.481 1.481 1.023 1.017 1.017 1.017
1.012 1.011

E(22)(11)a 1.446 3.118 1.245 Lold Lota 1.030 1.027
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Table 4. Cont.

System N1-N2 N2-N3 N3-N4 N1-H N2-H N3-H N4-H
1.011 1.012
E(22)(11)b 1.446 3.465 1.245 Lol4 Lold 1.030 1.027
1.011 1.012
E(22)(11)c 1.445 3.292 1.245 Lol Loa 1.027 1.030
1.012 1.011
E(22)(11)d 1.446 3.116 1.245 Lod Lota 1.030 1.027
1.011 1.013 1.028
E(22)(20)a 1.446 3.271 1.225 Lol4 Lols o34 -
1.013 1.011 1.028
E(22)(20)b 1.446 2.971 1.225 Los Lota 1033 -
1.011 1.013 1.028
E(22)(02) 1.447 3.276 1.225 1.014 1.014 - 1.033
1.018(2%) 1.029
E(31)(20) 1.468 2.750 1.230 029 1.016 o5y -
1.018(2%) 1.015
E(32)(10) 1.445 3.035 1.242 Lot Loo 1.076 -
E(3)(201) 3.088 1.350 1.249 1.013(3x) }'833 - 1.019
E(3)(102)a 3.117 1.243 1.365 1.013(3 ) 1.026 - }'8;)2
1.013(2%) 1.007
E(3)(102)b 3.760 1.246 1.356 Lola 1.032 - Looa
E(3)(00)(3) 3.636 1.096 3711 1.014(3x) - - 1.013(3x)
1.012 1.011
F(11)(22) 1.245 3.291 1.446 1.030 1.027 Lol4 Lota
1.012 1.012
(b)
F12)(21 1.430 3.017 1.424 1.012 1.018 1.017 1.017
Remarks: @ N1-N4 bond length of 1.476 A, ® N1-N4 bond length of 1.432 A.

During the geometry optimization of the starting cyclic C structures (Table 2), only the
least stable cyclo-(NH)4 structure, denoted as E1111, preserves its tetraatomic ring after
removing an H, molecule. The remaining C structures split into hydrazine and HN=NH
in E(22)(11)d or HpN=N in E(22)(02). The disadvantage of cyclic structure preservation
is indicated by preferring the above-mentioned F structures after N1-N4 bonding within
geometry optimization of the starting B1221 syn-conformation.

The bonding within NyHy structures can be described by individual bond lengths d
(Tables 3 and 4) as well as by the corresponding electron density p (Tables 5 and 6) and
ellipticity ¢ (Tables 7 and 8) at their bond-critical points (BCP) [9]. Bond strengths decrease
with bond lengths d and increase with their BCP electron densities pgcp. Their double bond
character in acyclic structures increases with their BCP ellipticities epcp.

Table 5. BCP electron density (in e/Bohr®) of N-N and N-H bonds in the optimized Amnpq and
Dmnpq structures. The different structures with the same notation are distinguished by additional
letters a, b, ¢, or d.
Structure N1-N2 N2-N3 N3-N4 N1-H N2-H N3-H N4-H
0.3483 0.3467
D1221 0.3705 0.1281 0.3734 0.3450 03528 0.3534 0.3448
0.3459 0.3492
D2112a 0.3156 0.2911 0.3092 03515 0.3574 0.3551 03518
0.3494 0.3484
D2112b 0.3092 0.3237 0.3036 0.3508 0.3527 0.3561 0.3514
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Table 5. Cont.

Structure N1-N2 N2-N3 N3-N4 N1-H N2-H N3-H N4-H
0.3472 0.3484
D2112¢ 0.3149 0.3165 0.3050 03513 0.3542 0.3552 03515
0.3458 0.3520
D2121a 0.3212 0.2827 0.3080 03516 0.3544 0.3527 0.3415
0.3509 0.3521
D2121b 0.3149 0.2920 0.3074 0.3517 0.3524 0.3551 0.3404
0.3406 0.3508
D2121c 0.3224 0.2668 0.3133 0.3505 0.3542 0.3556 0.3404
0.3503 0.3509
D2121d 0.3149 0.2928 0.3086 03521 0.3523 0.3559 0.3417
A2202 0.3148 0.2864 0.2965 034782x)  0.3514(2x) ; ggggg
0.3469 0.3499
D2202a 0.2928 0.3098 0.2951 0.3474 0.3553 - 0.3506(2x)
0.3447 0.3507 0.3501
D2202b 0.2898 0.3107 0.2956 0.3478 0.3549 - 0.3510
0.3505 0.3498 0.3470
D2022 0.2949 0.3102 0.2930 0.3507 - 0.3552 0.3474
0.3431 0.3499
A3021 0.2759 0.2964 0.2956 0.3437 - ’ 0.3397
0.3542
0.3480
0.3454 0.3463
D3012a 0.2761 0.3196 0.2874 0.3473 - 0.3564
0.3476
0.3500
0.3446 0.3455
D3012b 0.2562 0.3362 0.2736 0.3450 - 0.3488 ’
0.3497
0.3501
Table 6. BCP electron density (in e/Bohr?) of N-N and N-H bonds in the optimized Emnpq and
Fmnpq systems. The different structures with the same notation are distinguished by additional
letters a, b, ¢, or d.
System N1-N2 N2-N3 N3-N4 N1-H N2-H N3-H N4-H
E1111 @ 0.2858 0.2828 0.2824 0.3506 0.3545 0.3566 0.3546
0.3502 0.3500
E(22)(11)a 0.2953 - 0.4863 0.3529 0.3529 0.3463 0.3483
0.3500 0.3502
E(22)(11)b 0.2953 - 0.4826 0.3529 0.3529 0.3462 0.3482
0.3500 0.3503
E(22)(11)c 0.2954 - 0.4863 0.3529 0.3529 0.3482 0.3462
0.3502 0.3500
E(22)(11)d 0.2953 - 0.4863 0.3529 0.3529 0.3463 0.3482
0.3499 0.3501 0.3367
E(22)(20)a 0.2947 - 0.4970 0.3529 03518 0.3422 -
0.3501 0.3499 0.3367
E(22)(20)b 0.2945 - 0.4967 03517 0.3529 0.3423 -
0.3500 0.3501 0.3367
E(22)(02) 0.2945 ) 04967 0.3529 0.3517 ) 0.3423
0.3382
E(31)(20) 0.2696 - 0.4927 0.3486 0.3426 8;}33 -
0.3493 ’
0.3471
E(32)(10) 0.2929 - 0.4831 0.3453 ggzgg 0.3032 -
0.3474 ’
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Table 6. Cont.

System N1-N2 N2-N3 N3-N4 N1-H N2-H N3-H N4-H
0.3434 0.3531
E(3)(201) - 0.3794 0.4825 0.3435 0.3368 - 0.3503
0.3436 ’
0.3435(2 %) 0.3457
E(3)(102)a - 0.4891 0.3669 0.3436 0.3448 - 0.3521
0.3432
E(3)(102)b - 0.4833 0.3719 0.3435 0.3375 - gggég
0.3436 ’
0.3432 0.3435
E(3)(00)(3) - 0.7140 - 0.3433 - - 0.3437
0.3433 0.3442
0.3502 0.3500
F(11)(22) 0.4863 - 0.2954 0.3463 0.3482 0.3529 0.3529
0.3451 0.3470
(b) -
F12)(21 0.3096 0.3150 0.3573 03515 0.3515 0.3522
Remarks: @ N1-N4 BCP electron density of 0.2858 e/Bohr?, ®) N1-N4 BCP electron density of 0.3134 e/Bohr?.
Table 7. BCP ellipticity of N-N and N-H bonds in the optimized Amnpq and Dmnpq structures. The
different structures with the same notation are distinguished by additional letters a, b, ¢, or d.
Structure N1-N2 N2-N3 N3-N4 N1-H N2-H N3-H N4-H
0.015 0.015
D1221 0.230 0.107 0.231 0.048 0.017 0.016 0.047
0.045 0.046
D2112a 0.003 0.149 0.024 0.050 0.041 0.036 0.051
0.046 0.047
D2112b 0.040 0.039 0.012 0.051 0.043 0.051 0.051
0.044 0.046
D2112¢ 0.027 0.046 0.015 0.047 0.047 0.050 0.050
0.048 0.007
D2121a 0.027 0.123 0.198 0.051 0.046 0.009 0.073
0.045 0.011
D2121b 0.035 0.070 0.182 0.049 0.034 0.015 0.074
D2121c 0.026 0.074 0.192 8'8;9;2 0.038 0.013(2x) 0.071
0.045 0.012
D2121d 0.025 0.069 0.178 0.050 0.033 0.013 0.073
A2202 0.060 0.302 0.089 0.036(2x) 0.008(2x) - 0.055(2x)
0.034 0.012
D2202a 0.045 0.288 0.084 0.035 0.013 - 0.053(2x)
0.039 0.010 0.052
D2202b 0.086 0.301 0.087 0.041 0.082 - 0.053
0.052 0.012 0.034
D2022 0.084 0.288 0.046 0.053 - 0.013 0.035
0.106 0.006
A3021 0.268 0.222 0.169 0.108 - 0.079
0.009
0.005
0.006 0.044
D3012a 0.267 0.124 0.064 0.007 - 0.049 ’
0.048
0.008
D3012b 0.248 0.113 0.123 0.004 - 0.051 0.038(2x)
’ ’ ’ 0.005(2x) ’ ’

157



Inorganics 2023, 11, 413

10 of 15

Table 8. BCP ellipticity of N-N and N-H bonds in the optimized Emnpq and Fmnpq systems. The
different structures with the same notation are distinguished by additional letters a, b, ¢, or d.

System N1-N2 N2-N3 N3-N4 N1-H N2-H N3-H N4-H
E1111 @ 0.103 0.108 0.108 0.029 0.030 0.027 0.030
E(22)(11)a 0.008 - 0.189 8:81; 8:8‘518 0.004 0.004
E(22)(11)b 0.008 - 0.189 818‘5*8 8:8:; 0.004 0.004
EQ22)(11)c 0.008 - 0.189 g:gég 8:82; 0.004 0.004
E(22)(11)d 0.008 - 0.189 8:81; 8:818 0.004 0.004
E(22)(20)a 0.008 - 0.021 g:gig 0.047(2x) 8:8;; -
E(22)(20)b 0.007 - 0.020 0.047(2) 8:818 gzggg -
E(22)(02) 0.007 - 0.020 82818 0.047(2) - gggg
E(31)(20) 0.156 ; 0.005 8:(())(1)? 0.080 g:ggg -
0.012

E(32)(10) 0.089 ; 0.072 N 001'8?29 " 8:82; 0.005 -
E(3)(201) - 0.138 0.229 0.033(3x) 88‘513 ; 0.008
E(3)(102)a - 0.218 0.118 0'3%%26@ 0.005 ; 8:8;1{
E(3)(102)b ; 0.238 0.133 0'302.;1;29” 0.001 - 88;";
E(3)(00)(3) - 0.000 - N 0%2(3;) - ; 0.033(3x)
F(11)(22) 0.189 - 0.008 0.004 0.004 8:81; 8:8‘513
F12)(21 ® 0.012 - 0.031 0.054 8:8‘5*? 8:8:? 0.049

Remarks: @ N1-N4 BCP ellipticity of 0.103; ® N1-N4 BCP ellipticity of 0.041.

The D1221 structure has an extremely long N2-N3 bond, and the remaining N-N
bonds are shorter than the average N4H¢ ones. The pgcp(N2-N3)~0.1 e/ Bohr? corresponds
to a very weak bond, and the remaining N-N bonds are approximately three times stronger.
The epcp(IN2-N3)~0.1 is relatively high, and the remaining double N-N bonds have a ca.
two times higher ellipticity.

The D2112a-c structures differ in N1-N2-N3-N4 dihedral angles, and their bond length
alternation decreases with non-planarity of their backbone. Their ppcp(N-N) values vary
by about ~0.3 e/Bohr?, as in single N-N bonds. The epcp(N2-N3) values decrease with
non-planarity (~0.1 and less), while they are very small for the remaining N-N bonds,
which correspond to single bonds.

Similarly, the D2121a-d structures differ in the N1-N2-N3-N4 dihedral angles, with
the N2-N3 bond length being longer and weaker than the remaining ones’. The ppcp(N-N)
values that vary by about ~0.3 e/Bohr?® correspond to single N-N bonds. The epcp(N2-
N3) values decrease with non-planarity (~0.1 and less); epcp(IN3-N4)~0.2 is typical for
double bonds.

The N-N bond properties in the A2202, D2202a-b and D2022 structures (aside from
reverse numbering of N atoms) vary with the N1-N2-N3-N4 dihedral angles. The N2-N3
bonds are the shortest in all these systems. The ppcp(N-N) values that vary by about
~0.3 e/Bohr? are typical for single N-N bonds but the egcp(IN2-N3)~0.3 in all structures
indicate the double-bond character of this bond.

158



Inorganics 2023, 11, 413

11 of 15

In A3021 the N-N bond lengths decrease with the distance from N1, and the BCP
ellipticity values indicate the same trend in decreasing double-bond character. However,
the ppcp(N-N) values of about 0.3 e/Bohr? correspond to single N-N bonds.

Analogous trends are observed for D3012a-b structures.

In E1111 with N-N bond lengths of ca. 1.5 A and pecp(N-N)~0.3 e /Bohr? typical for
single N-N bonds, the egcp(N-N) values of 0.108 can be explained by mechanical strain in
its four-membered ring rather than by its double-bond character.

The remaining E systems consist of two or three independent molecules, interacting
through weak hydrogen bonds only, which can be treated independently of their parent
E structures. The possible biradical character of E(32)(10) can be excluded on the basis of
its atomic charges (see later) which indicate the existence of [NH3-NH;]" and [HN=N]~
charged species.

H,N-NH, with an N-N distance of 1.45 A, pecp(N-N) = 0.295 e /Bohr® and epcp(N-N) =
0.008 in all E systems is typical for a single N-N bond.

HN=NH with an N-N distance of 1.245 A, pecp(N-N) = 0.486 e/Bohr? and epcp(N-N) =
0.189 in all E systems corresponds to the double N-N bond.

Its isomer HyN=N has a N-N distance of 1.23 A and pcp(N-N) = 0.497 e/Bohr?
which correspond to the double N-N bond in contradiction with egcp(N-N) = 0.020, which
corresponds to single or triple bonds.

On the other hand, NH3-NH has a N-N distance of 1.47 A and ppcp(N-N) = 0.27 ¢/
Bohr?, which corresponds to the single N-N bond in contrast to the high egcp(N-N) value
of 0.156.

The [NH;3-NH,]* cation with an N-N distance of 1.446 A, pecp(N-N) = 0.293 e/Bohr?
and epcp(N-N) = 0.089 corresponds to a single N-N bond.

Its counterpart [HN=N]~ has a N-N distance of 1.242 A and pecp(N-N) = 0.48 e/
Bohr® which correspond to the double N-N bond in contradiction with its too low
EBCP(N-N) =0.072.

N, has a N-N distance of 1.096 A, pgcp(N-N) = 0.714 ¢/Bohr® and egcp(N-N) = 0.000,
which is typical for the triple bond.

Finally, H)N-N=NH with N-N distances of 1.36 and 1.24 A, ppcp(N-N) values of
0.37 and 0.48 e/Bohr> as well as egcp(N-N) values of 0.23 and 0.13, respectively, probably
correspond to nearly-double N-N bonds.

The F(11)(22) system is explained within the HN=NH and H;N-NH, structures above.

The F12)(21 structure H,N2-N1H-N4H-N3H; (aside from different numbering of N
atoms) corresponds to the D2112 structures explained above.

We have not discussed N-H bonding in the systems under study because the differ-
ences in their bond lengths and BCP electron densities are too small. However, their BCP
electron densities are higher than those of N-N bonds except HN=NH, H,N=N, [HN=N]~
and Nj. Increased epcp(N-H) values can mostly be ascribed to the double-bond char-
acter of neighboring N-N bonds, except egcp(N-H) = 0.3 in NH; molecules within the
E(3)(102) systems.

The nitrogen atomic charges in the A and D structures (Table 9) on the N1 and N4
atoms are more negative (—0.65 to —0.82) than on the central N2 and N3 atoms (—0.35 to
—0.50). Positive hydrogen atomic charges bonded to side N1 and N4 atoms increase with
the number of bonded H atoms. The same trend holds for H atoms bonded to central N2
and N3 atoms which are more positive than the side hydrogens.

In the decomposed E systems (Table 10), negative N charges increase with the number
of bonded H atoms. An analogous trend for positive H charges cannot be confirmed.
Atomic charges are only slightly affected by hydrogen bonding. In the E(32)(10) system,
the charges of its [NH3-NH,]* and [HN=N]~ subsystems are +0.97 and —0.68, respec-
tively (the ideal charges are +1.00 and —1.00, respectively). The errors can be ascribed to
numerical integration of electron density up to 0.001 e/Bohr? (instead of 0.000 e/Bohr?). A
significantly higher error of [HN=N]~ is caused by the higher diffusive character of the
electron density of anionic species. When accounting for the errors in the electron density
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integration over atomic basins, the alternative biradical structure of the neutral E(32)(10)
subsystems (the ideal charges of both species should be 0.00) seems to be less probable.

Table 9. Atomic charges of N and H (bonded to N in brackets) in the optimized Amnpq and Dmnpq
structures. The asterisks denote the atoms also included in hydrogen bonds. The different structures
with the same notation are distinguished by additional letters a, b, ¢, or d.

Structure N1 N2 N3 N4 H(N1) H(N2) H(N3) H(N4)
0.452 0.444
D1221 —0.657 —0.488 —0.485 —0.649 0.342 0.455 0.457 0.342
0.379 0.391
D2112a —0.699 —0.347 —0.367 —0.706 0.392 0.391 0.382 0.404
0.378 0.387
D2112b —0.691 —0.357 —0.354 —0.726 0.394 0.372 0.395 0.398
0.377 0.389
D2112¢ —0.711 —0.354 —0.368 —0.729 0.389 0.382 0.396 0.401
D2121a —0.700 —0.341 —0.398 —0.787 8223 0.417 0.452(2%) 0.309
0.400 0.470
D2121b —0.704 —0.361 —0.394 —0.811 0416 0.405 0.560 0.302
0.396 0.463
_ _ _ _ *
D2121c 0.709 0.365 0.412 0.800 0.407 * 0.406 0.468 0.310
0.402 0.458
D2121d —0.707 —0.361 —0.395 —0.809 0.420 0.408 0471 0.304
A2202 —0.664 —0.388 —0.435 —0.750 0.418(2x) 0.450(2 %) - 0.362(2x)
0.409 0.455 0.361
D2202a —0.712 —0.404 —0.430 —0.760 0.410 0.475 - 0.364
0.407 0.459 0.357
D2202b —0.705 —0.397 —0.432 —0.737 0411 0.465 - 0.367
0.361 0.455 0.409
D2022 —0.761 —0.430 —0.402 —0.711 0.365 - 0.475 0.410
0.460 0.403
A3021 —0.730 —0.368 —0.388 —0.824 0.461 - ’ 0.286
0.423
0.496
0.449(2x) 0.360
D3012a —0.732 —0.436 —0.390 —0.739 0472 - 0.370 0372
0.444 0376
D3012b —0.762 —0.417 —0.384 —0.754 % 0.466 * - 0.345 ’
0.378
0.473
Table 10. Atomic charges of N and H (bonded to N in bracket) in the optimized Emnpq and Fmnpq
systems. Asterisks denote atoms also included in hydrogen bonds. The different structures with the
same notation are distinguished by additional letters a, b, ¢, or d.
System N1 N2 N3 N4 H(N1) H(N2) H(N3) H(N4)
E1111 —0.345 —0.367 * —0.373 —0.367 0.383 0.408 0.396 * 0.403
E(22)(11)a —0.707 —0.727 * —0.358 —0.348 * 0-380 0.385 0.409 * 0.380
' ' ’ ' 0.392 * 0.393 ' ’
0.384 0.380
— * — _ — * *
E(22)(11)b 0.727 0.707 0.360 0.348 0.393 0.388 * 0.409 0.380
. 0.384 0.380
E(22)(11)c —0.726 —0.706 —0.34%9h —0.360 0.393 0.387 * 0.380 0.40%h
0.380 0.384
— — * — — * *
E(22)(11)d 0.706 0.726 0.359 0.347 0,388 * 0.393 0.409 0.380
0.380 0.387 0.417
_ * _ _ _ * -
E(22)(20)a 0.732 0.714 0.519 0.271 0393 * 0.395 0.460 *
. " 0.380 0.387 0.417 )
E(22)(20)b —0.713 —0.732 —0517 —0.273 0593 * 0395 0461 *
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Table 10. Cont.

System N2 N3 N4 H(N1) H(N2) H(N3) H(N4)
. . B 0.380 0.387 ] 0.417
E(22)(02) —0.714 —0.732 —0272 0.517 0593 * 0395 0460 *
0.447 0.408
E(31)(20) —0.751 —0.831 * —0.543 —0.306 * 0.452 0.315 : -
0.511*
0.491 *
0.496 0.408
—_ J— J— J— * -
E(32)(10) 0.718 0.731 0.426 0.530 0.508(2%) 0501 * 0.185
E(3)(201) —1.079 * —0.734 —0.035 —0.436 0.394(3%) 00447433* - 0.388
EG)(102)a  —1.076* —0.454 ~0.033 —0.686 0.394(3 %) 0.428 * - 81212
0.394 0.445
E(3)(102)b —1.084 * —0.396 —0.030 —0.739 0.395 0.352 - )
0.470*
0.396
0.382 0.373
E(3)(00)3)  —1.077* 0.076 * —0.049 ~1.059 0.382 * - - 0.380 *
0.384 0.386
0.380 0.393
— — * _ _ * *
F(11)(22) 0.359 0.347 0.706 0.725 0.409 0.380 0.388 * 0.394
0.377 0.371
F12)(21 —0.356 —0.722 —0.702 —0.368 0.403 0.392 0.395 0.381
3. Method

Geometry optimizations for various isomers of neutral N4yHg molecules were per-
formed at the CCSD (Coupled Cluster using Single and Double substitutions from the
Hartree-Fock determinant) [10] level of theory and cc-pVTZ basis sets [11]. The effects of
the aqueous solution were taken into account within the SMD (Solvation Model based on
the solute electron Density) solvation model [12]. The optimized structures were tested by
vibrational analysis for the absence of imaginary vibrations. Gaussian16 (Revision B.01)
software [13] was used for all quantum-chemical calculations.

The electron structures of the systems under study were evaluated in terms of Quan-
tum Theory of Atoms-in-Molecules (QTAIM) [9] using AIM2000 (Version 1.0) software [14].
The bond strengths were compared according to the electron densities p at the bond-critical
points (BCP). The BCP bond ellipticities egcp were evaluated as

egcp =M /A2 — 1 @)

where A; are the eigenvalues of the Hessian of the BCP electron density within the sequence
A1 <Az <0 < A3. Atomic charges were obtained by integration over atomic basins up to
0.001 e/Bohr?.

Visualization and geometry modification were performed using MOLDRAW (Release
2.0) software (https:/ /www.moldraw.software.informer.com, accessed on 9 September
2019) [15].

4. Conclusions

We have shown that most N4Hg structures in aqueous solutions are decomposed
during geometry optimization. Splitting the bond between central nitrogen atoms is the
most frequent method, but the breakaway of the side nitrogen is energetically the most
preferred one. The N-N fissions are enabled by suitable hydrogen rearrangements. The
initial HyN-NH-NH-NH; structure (D2112) has a very weak central N-N bond, which
explains the high degree of reversibility for the reaction (6). The most stable system
NH;. . .Ny...NH;3 (E(3)(00)(3) system) might be obtained by transfers of both H atoms
bonded with central nitrogens to the side N atoms. According to [8], such double H transfer
was not found by quantum-chemical calculations in vacuo, and so must be decomposed into
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several steps and this instantaneous decomposition should be slowed down. Furthermore,
our calculations show that the transfer of the third H atom to the side nitrogen is very
energetically disadvantageous, as indicated by the Gibbs energies of the structures NH3-
N=NH;-NH and NH3-N=NH-NH, (A3021 and D3012, respectively, see Table 2). In aqueous
solutions, H atom transfers can be mediated by H,O, H30* and/or OH™ species. We have
shown that side N atoms have very high negative charges that should support such
hydrogen transfers.

The experimentally observed formation of I5N14N molecules [1-4] is enabled by side
N-N fissions. We have shown that the Gibbs free energy data (Table 2) indicate the dominant
abundance of the NHj... N;... NHj species (E(3)(00)(3) system) in aqueous solutions, which
explains the mentioned observations.

The NN molecules can also be created by the decomposition of cyclic N Hg
structures. We have shown the high instability of such species. The only stable cyclo-
(NH)j4. . .Hj structure (E1111) has a too-high Gibbs energy and breaks the Hy molecule
instead. The remaining initial cyclic structures are split into hydrazine and HN=NH
(E(22)(11)d) or HN=N species (E(22)(02), see Table 2), and their relative abundance in
aqueous solutions vanishes.

We can deduce from the QTAIM analysis of our systems that single, double and
triple N-N bonds exhibit BCP electron densities of ca. 0.2, 0.5 and 0.7 e/Bohr® with BCP
ellipticities of ca 0, 0.2 and 0, respectively. The bonds in the N4Hjy structures often exhibit
significant deviations from these values.

Our study did not solve all of the problems related to hydrazine oxidation in aqueous
solutions. The role of various water forms and the corresponding transition states should
also be investigated. The transition states can possibly be of extremely high-energy. Thus,
the thermodynamic stability of the products means less if their formation is kinetically hin-
dered. Moreover, directly accounting for the solvent molecules is required. An alternative
reaction pathway through NyHy [6] according to reaction (5) is worth studying as well.
Further theoretical studies in these fields are desirable.

Author Contributions: Methodology, software, investigation, writing—original draft preparation,
writing—review and editing, M.B.; conceptualization, supervision, project administration, funding
acquisition, A.M. All authors have read and agreed to the published version of the manuscript.

Funding: This publication was supported by the Competence Center for SMART Technologies for
Electronics and Informatics Systems and Services under the project no. ITMS 26240220072.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: All necessary research data are presented in the article.

Acknowledgments: M.B. thanks the HPC center at the Slovak University of Technology in Bratislava,
which is a part of the Slovak Infrastructure of High Performance Computing (SIVVP Project No.
26230120002, funded by the European Region Development Funds), for computing facilities.

Conflicts of Interest: The authors declare no conflict of interest.

1. Lauko, L.; Hudec, R.; Lenghartova, K.; Manova, A.; Cacho, E; Beinrohr, E. Simple Electrochemical Determination of Hydrazine in
Water. Pol. |. Environ. Stud. 2015, 24, 1659-1666. [CrossRef] [PubMed]

2. Higginson, W.C.E.; Sutton, D. The Oxidation of Hydrazine in Aqueous Solution. Part II. The Use of 15N as a Tracer in the
Oxidation of Hydrazine. J. Chem. Soc. 1953, 1402-1406. [CrossRef]

3. Cahn, J.W,; Powell, R.E. Oxidation of Hydrazine in Solution. J. Am. Chem. Soc. 1954, 76, 2568-2572. [CrossRef]

4.  Petek, M.; Bruckenstein, S. An Isotopic Labeling Investigation of the Mechanism of the Electrooxidation of Hydrazine at Platinum.
An Electrochemical Mass Spectrometric Study. Electroanal. Chem. Interrac. Electrochem. 1973, 47, 329-333. [CrossRef]

5. Rice, FEO,; Sherber, F. The Hydrazino Radical and Tetrazane. J. Am. Chem. Soc. 1955, 77, 291-293. [CrossRef]

6. Karp, S.; Meites, L. The Voltammetric Characteristics and Mechanism of Electrooxidation of Hydrazine. J. Am. Chem. Soc. 1962,

84,906-912. [CrossRef]

162



Inorganics 2023, 11, 413 15 of 15

10.

11.

12.

13.

14.

15.

Ball, D.W. Tetrazane: Hartree-Fock, Gaussian-2 and -3, and Complete Basis Set Predictions of Some Thermochemical Properties of
NyHg. J. Phys. Chem. A 2001, 105, 465-470. [CrossRef]

Dana, A.G.; Moore, K.B., III; Jasper, A.W.; Green, W.H. Large Intermediates in Hydrazine Decomposition: A Theoretical Study of
the N3Hs and NyHg Potential Energy Surfaces. J. Phys. Chem. A 2019, 123, 4679-4692. [CrossRef] [PubMed]

Bader, REW. Atoms in Molecules: A Quantum Theory; Clarendon Press: Oxford, UK, 1990; ISBN 9780198558651.

Scuseria, G.E.; Janssen, C.L.; Schaefer, H.F,, III. An efficient reformulation of the closed-shell coupled cluster single and double
excitation (CCSD) equations. . Chem. Phys. 1988, 89, 7382-7387. [CrossRef]

Dunning, T.H., Jr. Gaussian basis sets for use in correlated molecular calculations. I. The atoms boron through neon and hydrogen.
J. Chem. Phys. 1989, 90, 1007-1023. [CrossRef]

Marenich, A.V.; Cramer, C.J.; Truhlar, D.G. Universal solvation model based on solute electron density and a continuum model of
the solvent defined by the bulk dielectric constant and atomic surface tensions. J. Phys. Chem. B 2009, 113, 6378-6396. [CrossRef]
[PubMed]

Frisch, G.W,; Trucks, M.].; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, ].R.; Scalmani, G.; Barone, V.; Petersson, G.A;
Nakatsuji, H.; et al. Gaussian 16, Revision B.01; Gaussian, Inc.: Wallingford, CT, USA, 2016.

Biegler-Konig, F.; Schonbohm, J.; Bayles, D. AIM2000—A Program to Analyze and Visualize Atoms in Molecules. . Comput.
Chem. 2001, 22, 545-559.

Ugliengo, P. MOLDRAW: A Program to Display and Manipulate Molecular and Crystal Structures, University Torino, Torino.
2012. Available online: https://www.moldraw.software.informer.com (accessed on 9 September 2019).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

163



A inorganics

Article

Photocatalytic Degradation of Emerging Contaminants with
N-Doped TiO; Using Simulated Sunlight in Real Water Matrices

Elisa Gaggero, Arianna Giovagnoni, Alessia Zollo, Paola Calza * and Maria Cristina Paganini

check for
updates

Citation: Gaggero, E.; Giovagnoni, A.;
Zollo, A.; Calza, P; Paganini, M.C.
Photocatalytic Degradation of
Emerging Contaminants with
N-Doped TiO, Using Simulated
Sunlight in Real Water Matrices.
Inorganics 2023, 11, 439. https://
doi.org/10.3390/inorganics11110439

Academic Editor: Francis Verpoort

Received: 6 October 2023
Revised: 7 November 2023
Accepted: 15 November 2023
Published: 17 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Chemistry, University of Turin, Via Pietro Giuria 5/7, 10126 Turin, Italy;
elisa.gaggero@unito.it (E.G.); arianna.giovagnoni@edu.unito.it (A.G.); alessia.zollo@unito.it (A.Z.);
mariacristina.paganini@unito.it (M.C.P.)

* Correspondence: paola.calza@unito.it

Abstract: In the present work, the photodegradation performances of N-doped TiO, photocatalysts
with enhanced absorption of visible light were exploited for the abatement of some representative
contaminants of emerging concern (CECs). Pristine TiO, and N-TiO, were synthesized using hy-
drothermal (HT) and sol-gel (5G) routes, they were characterized using XRD and UV-Vis spectroscopy,
and their band gaps were determined via analysis in diffuse reflectance. Their photodegradation
efficiency was tested on a mixture of recalcitrant organic pollutants, namely, benzotriazole, diclofenac,
sulfamethoxazole, and bisphenol A, using a solar simulator lamp with two different cut-off filters
(A > 340 nm and A > 400 nm). The evaluation of the photocatalytic performances was initially carried
out in spiked ultrapure water and subsequently in aqueous matrices of increasing complexity such as
Po River water and water coming from an aquaculture plant. The exclusive utilization of visible light
(A > 400 nm) highlighted the advantage of introducing the dopant into the TiO; photocatalyst since
this modification allows for the material to be responsive to visible light, which is not sufficient in the
case of pristine TiO; and the higher efficiency of materials obtained via the sol-gel route. Thanks to
the doping, improved performance was obtained in both ultrapure water and real water matrices,
indicating the potential of the doped material for future applications in the field.

Keywords: N-doped TiO,; photocatalysis; contaminants of emerging concern

1. Introduction

Freshwater, a limited but renewable resource, is essential for life on Earth. The water
cycle replenishes it, but overconsumption can harm ecosystems, and global per capita re-
newable freshwater resources are declining due to economic development, overexploitation
of water resources, pollution, anthropogenic activities, and related climate change. Among
the various sources of pollution, the ones with the most significant impact on natural water
sources are the agricultural and industrial sources, especially in developing countries [1].
Industrial and domestic wastewater discharges have led to an increase in freshwater pol-
lution and a decrease in clean water resources, particularly in relation to rivers. Rivers
can contain microorganisms, heavy metals, and dangerous chemicals, rendering the water
unsuitable for direct use and elevating the costs of purification processes [2]. Pollution
takes various forms, from aesthetically unpleasant water due to untreated wastewater to
organic materials in wastewater causing oxygen depletion and damages to aquatic life [3].
The European Union has identified over a hundred thousand chemical substances as micro-
pollutants and generates continuously updated lists of contaminants of emerging concern
(CECs) and persistent organic pollutants (POPs). Micro-pollutants encompass items like
pharmaceuticals, numerous pesticides, metals, and phthalates [4]. Many commercially
available drugs and their byproducts fall under the category of CECs. There has been a
global ban on persistent organic pollutants (POPs) since 2004, backed by 179 countries
since micro-pollutants are recognized for their non-biodegradability, high toxicity, potential
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for bioaccumulation due to their persistent nature, and properties such as genotoxicity,
mutagenicity, and oestrogenicity [5,6]. Common micro-pollutants found in groundwater
include substances like triclosan, sulfamethoxazole, carbamazepine, and specific pharma-
ceuticals [7]. Recently, there has been a growing focus of scientific studies on emerging
pollutants, leading to the formation of research groups aiming to collect and share de-
tailed information. Their objective is to create management strategies for environmental
protection and implement measures to limit pollutants in water environments, alongside
technological advancements in water treatment. This interest also arises partly from the
lack of regulation for pharmaceutical products and their metabolic byproducts, even if they
will likely be subject to future regulations due to their potential impact on both ecosystems
and human health. The main concerns lie in the diversity of compounds falling under
this category and their proven harmful effects, even at low concentrations. Analytically
identifying and removing these substances using conventional methods is challenging
since emerging pollutants cover a broad range of compounds, including pharmaceuticals,
hormones, pesticides, flame retardants, and fragrances [8]. Addressing their impact may
not be simple also because of the difficulty in removing these molecules with conventional
techniques. This makes the development of innovative, environmentally friendly, and
low-cost systems for their removal essential. In the present work, we aimed at exploiting
the photodegradation performances of N-doped TiO, photocatalysts with enhanced ab-
sorption of visible light for the abatement of some CECs, namely, phenol, bisphenol A,
sulfamethoxazole, diclofenac, and benzotriazole, representative of different classes [9-13].

One of the strategies studied and used to degrade emerging pollutants and organic
contaminants in water is the employment of visible-light-activated photocatalysts [14-16].
This study focused on four photocatalysts: TiO, synthesized through sol-gel and hydrother-
mal methods, and nitrogen-doped TiO. Among the photocatalysts, TiO, is widely studied
due to its stability and affordability, though its high band gap limits its efficiency [17,18].
When titanium dioxide absorbs photons compatible with its band gap, it produces hole-
electron pairs that allow for the oxidation of water and organic matter and the reduction
of oxygen and its reactive species that lead to the formation of radicals that contribute
to the further abatement of the contaminants. However, its limited response to visible
light restricts its potential; so, to enhance its efficiency, doping with transition metals or
non-metals like nitrogen is used [19]. In order to overcome this limitation, nitrogen doping
was used. Currently, a substantial body of research results demonstrates that N-doped TiO,
and N co-doping with transition elements [20-22] exhibit higher photoactivity in visible
or solar light compared to the conventional TiO,, which serves as the true benchmark
for photocatalytic phenomena under the same conditions. However, there is a limited
number of experimental studies dedicated to comprehending the underlying reasons for
this heightened photoactivity and devising strategies to enhance the photocatalyst’s perfor-
mance (as indicated in references [23-30]). Consequently, it remains uncertain whether this
novel material will ultimately be recognized as a significant breakthrough in the realm of
photocatalytic applications. To overcome this challenge, it is imperative to devote more
attention to both the electronic properties of N-TiO, and the mechanisms governing the
dynamics of charge carriers during irradiation. Furthermore, such efforts should be aimed
at tailoring appropriate modifications of the material to influence its properties. There is
now a general consensus on the electronic structure of N-TiO, as most of the authors agree
on the presence of N 2p intraband gap states some tenths of electronvolts over the valence
band (VB) limit. There are currently two distinct categories of photoactive centers that
have been identified. The first type arises from the substitution of nitrogen (where nitrogen
replaces oxygen in certain lattice positions) and is formed through high-temperature nitri-
dation processes of TiO. The second type, which is more prevalent and occurs in most wet
chemistry methods used to prepare the material, involves interstitial nitrogen chemically
bonded to a lattice oxygen ion, resulting in the formation of a type of NO group within the
bulk of the solid. This species is responsible for the optical absorption in the visible range
of N doped titania [31]. Although there is consensus regarding the electronic structure of
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N-TiO;, there remains a lack of comprehensive understanding concerning how the system
behaves in terms of charge dynamics when exposed to visible light. It is of great signifi-
cance, for instance, to conclusively determine whether visible photons have the capability
to induce charge separation, leading to the migration of both electrons and holes at the
surface. The presence of electrons and holes at the surface is indeed crucial for initiating
the redox processes characteristic of photocatalysis. While the dynamics of charge carriers
in photocatalytic systems have primarily been studied using time-resolved spectroscopic
techniques in the case of pure TiO,, there are relatively few reports available for N-TiO; (as
mentioned in references [32,33]). In these recent investigations, it has been suggested that
the efficiency of charge separation in N-TiO, under visible light is, as anticipated, lower
than that observed under UV light [34,35].

We assessed the efficiency of the synthetized photocatalysts in degrading persistent
organic pollutants using a solar simulator lamp equipped with two distinct cut-off filters
(A > 340 nm and A > 400 nm). The evaluation of their photocatalytic effectiveness com-
menced with pure-water samples spiked with pollutants and progressed to more challeng-
ing aqueous environments like Po River water and water from an aquaculture farm.

2. Results and Discussion
2.1. XRD and UV-VIS Characterization

The synthesized materials were characterized through XRD and Diffuse Reflectance
UV Vis analysis.

Figure 1 shows the X-ray diffraction patterns for the photocatalysts obtained using
sol-gel and hydrothermal methodologies. As expected, the XRD diffractograms of the
nitrogen-doped sample are almost completely overlapping the spectrum of the reference,
TiO,. The patterns of the two kinds of syntheses present different features. The sol-gel
process leads to well crystallized materials with a relatively large size of the crystallites. In
the case of pure TiO;, some traces of rutile are also present.

In both cases (SG and HT), the diffraction pattern shows a predominance of the anatase
phase. This is demonstrated by the presence of peaks at 25.33°, 37.96°, 48.04°, 54.37°, 55.29°,
and 62.75° that correspond to the planes of the crystal lattice (101), (004), (200), (105), (211),
and (204), respectively [36]. Samples obtained with hydrothermal synthesis also present
two peaks that could be assigned to the brookite phase. In general, samples obtained via
the hydrothermal method seem to be less crystalline and show smaller crystallites sizes.
The presence of Nitrogen is not revealed with this technique, and this is justified by the fact
that elements such as N are not visible in X-rays [36]; moreover, it has been demonstrated
elsewhere that N species occupy an interstitial position in the lattice of TiO; and do not
form a periodic phase inside the matrix [25].

The absorption spectra of the synthesized materials are shown in Figure 2. For the
N-doped samples, the absorption due to electronic transitions from a valence band to a
conduction band occurring in the UV region and typical of TiO, is modified by the onset of
a relatively broad absorption band in the visible region whose intensity and width depend
on the type of sample. These bands are similar to others reported in the literature [37] for
nitrogen-doped TiO, and are usually associated with nitrogen insertion in the oxide. It is
evident that the N doped sample synthetized via a sol-gel presents the deepest shoulder in
the visible region.

From the study on diffuse reflectance, it is possible to determine the band gaps (Table 1)
of the materials and highlight any differences due to the presence of the dopant.

The band gap values obtained from processing the Kubelka—Munk function of the
spectra using the Tauc plot method highlight that the introduction of nitrogen does not
significantly change the band gap value, which remains in the range of 3.34-3.38 eV, around
the reference value found in the literature. In fact, the band gap for anatase is 3.2 eV,
requiring irradiation with a wavelength A < 387 nm [38].
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Table 1. Band gap (eV) values determined from absorption spectra for different synthesized materials.

Sample Band Gap (eV)
TiO,-SG 3.38
N-TiO,-SG 3.37
TiO,-HT 3.37
N-TiO,-HT 3.34
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Figure 1. XRD diffractograms for materials obtained through sol-gel synthesis. (a) TiO,-SG, (b) N-
TiO,-SG and hydrothermal synthesis, (c) TiO,-HT, (d) N-TiO,-HT. (Together with the prominent

anatase phase are also present traces of rutile and brookite phase; residual NH4Cl from the synthe-
sis) [39,40].
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Figure 2. DR-UV-Vis spectra for the materials obtained through hydrothermal synthesis TiO,-HT
and N-TiO,-HT, and sol-gel syntheses TiO,-SG and N-TiO,-5G.
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2.2. Photocatalytic Degradation of Organic Pollutants

Heterogeneous photocatalysis tests in solution were conducted to determine the pho-
tocatalytic activity of the synthesized TiO,-based materials. Preliminarily, dark adsorption
toward the considered molecules and direct photolysis experiments were carried out with
all the materials. Both contributions were found to be negligible over the examined time
window. Figure 3 shows the degradation trends of 10 ppm phenol using the synthesized
materials under irradiation with a 340 nm cut-off. TiO,-based materials doped with nitro-
gen exhibited excellent photocatalytic performance, leading to complete degradation of
phenol within 2 h. It is further inferred that the performance improvement resulting from
nitrogen doping is more evident for materials obtained via sol-gel synthesis; this fact could
be related to the greater amount of crystalline materials.

n iy
- T
m  direct photolysis
e TiO,-SG
06 A TiO,-HT
5 v N-TiO,-SG
) N-TiO,-HT
0.4 1
0.2 1
0.0 T

0 15 30 45 60 75 90 105 120
Time (min.)

Figure 3. Phenol degradation rate using prepared photocatalyst (A > 340 nm).

In order to determine whether nitrogen doping can provide better photocatalytic
activity using only visible light, at which the activity of pristine TiO; is insufficient because
of its high band gap, experiments were repeated by irradiating with a A > 400 nm cut-off.
Although the nitrogen-doped materials present the same band gap of the pure titania, the
DR UV vis spectra highlighted the presence of an absorption shoulder in the region of the
visible light. We know from the literature [31] that this shoulder has been associated with
intraband gap states generated from the presence of nitrogen in the lattice of TiO. These
states can act as steps for the electrons, so the irradiation with visible light provides enough
energy to promote electron migration from the VB to these states and from these states to
the CB. Being isolated states, the total efficiency of the process should be expected to be
much lower than the classic process from VB to CB.

The kinetic constants of the degradations were calculated by considering the expres-
sion of the pseudo-first-order reaction (Equation (1)):

G
In Co —kt 1)
where C; and Cj are the concentrations at time zero and at any time t (min), respectively,
and k (min~!) is the rate constant of the equation.

The pseudo first-order kinetic constants and abatement percentage after six hours are

reported in Figure 4.
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Figure 4. Pseudo-first order kinetic constants (a) and abatement percentage (b) after six hours
obtained for phenol degradation (A > 400 nm).

In this case, as expected, lower performances are achieved than using A > 340 nm.
In fact, after 90 min, the maximum abatement for N-TiO,-HT reached 25% compared
to the 100% achieved in the previous case. Interestingly, there is an improvement in
the photocatalytic performance of materials obtained via the sol-gel route compared to
those obtained via hydrothermal synthesis, presenting an opposite trend in respect to the
tests previously carried out. After preliminary tests using phenol as a target molecule,
photocatalytic experiments were carried out on a mixture of CECs (benzotriazole, bisphenol
A, diclofenac, and sulfamethoxazole) prepared in three matrices of increasing complexity:
Milli-Q water, Po river water, and water collected in a koi-carps aquaculture farm. For
the actual waters used as matrices, both pH and NPOC values were recorded. The pH
was 8.02 and 8.60 for Po River water and water from carp aquaculture, respectively. The
NPOC values measured were 1.51 mg/L and 14.2 mg/L for Po River and aquaculture
water, respectively.

The activity of all materials was first tested using the A > 340 nm cut-off. Observing
the degradation curves reported in Figures S1-54, it can be pointed out that in the case of
hydrothermally obtained materials, abatement around 100% is achieved for all matrices,
with no substantial differences between Milli-Q and real waters. Using N-TiO,-HT, an
abatement greater than 75% is achieved for all contaminants already after the first 60 min
and almost-complete abatement in all cases evaluated at the end of the 2-hour experiment.
In comparison with the reference, the introduction of nitrogen as a dopant causes a slight
increase in the pseudo first-order kinetic constants when real waters are used as matrices.

On the other hand, the performance of the sol-gel-derived materials using a filter
at A > 340 nm is inferior to that of hydrothermal-synthetized photocatalysts, particularly
when experiments are carried out in aquaculture water; moreover, the introduction of the
nitrogen does not appear to positively affect the rate of degradation.

As can be observed in Figure 5, in general, considering pristine materials, a decrease
in kinetic constants is registered when moving from Milli-Q water to real water matrices
even if the diminution is less pronounced for doped materials. This could be due to the
higher content of organic matter and to the presence of naturally occurring inorganic
species that can act as scavengers during the oxidation processes, for example, carbonate
and bicarbonate ions that can act as scavengers for the hydroxyl radical, reducing the
contaminant removal efficiency [41].

With the aim of verifying the performance improvement of the doped material com-
pared to the reference using visible light only, the experiments were repeated using a lamp
cut-off that excluded UV-A. In these operating conditions, the advantage of using the
doped material is evident from the degradation curves and the abatement values achieved;
therefore, using only visible wavelengths reveals the advantage of introducing the dopant
inside a photocatalyst such as TiO,, which otherwise works mainly in UV-A. Moreover,
sol-gel-synthetized photocatalysts exhibit a noticeable increase in degradative capacity
compared to hydrothermally obtained materials, confirming what was observed for phenol,
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and nitrogen-doped sol-gel photocatalyst shows better performance than the reference
and hydrothermal photocatalysts for all CECs monitored and for all matrices studied. The
differences between the sol-gel-doped and pure materials are most pronounced for the
Milli-Q water matrix and are confirmed by the results obtained in real water matrices. In
Milli-Q water, using N-TiO,-5G, the complete abatement is achieved for all contaminants
within two hours, while for pristine material the degradation rate ranges from 20 to 51%
depending on the monitored pollutant. As regards the Po River water matrix, the abate-
ment achieved is between 54% and 68% within two hours for the doped material, whereas
it does not exceed 48% for the pristine material. Finally, for the aquaculture water matrix,
N-TiO,-SG leads to an abatement of at least 70% for all contaminants while it does not
exceed 56% for the pristine material. This trend is confirmed by the pseudo first-order
kinetic constants’ values for the photocatalytic processes, which are always higher than
those of the pristine material, in some cases even by an order of magnitude, as shown in
Figure 6. Hydrothermal-derived materials also showed improved performance thanks
to nitrogen doping, but the degradation efficiency was far lower than that of the sol-gel
materials, especially for benzotriazole and bisphenol A. The reason of this difference in
the abatement efficiency between the materials obtained with the two synthetic methods
can be ascribed to the crystallinity of the prepared samples (much higher in the case of
the sol-gel groups than in the case of hydrothermal samples). This explanation can be
exhaustive in the case of the pure titania: regarding the abatement activity of N doped
samples, it is evident that the SG material is much more active than the HT one. The reason
is attributable to the presence of nitrogen in the lattice of titania; in particular, the amount
of nitrogen in an interstitial position in the matrix of the SG samples generates enough
intraband gap states to allow for electronic migration from VB to these states and from
these states to CB, being the energies involved in the range of visible frequencies. In the
case of HT doped samples, the amount of nitrogen is not enough to promote a sufficient
electronic flow, so it shows a lower photocatalytic activity.
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Figure 5. Pseudo first-order kinetic constants for the abatement of the mixture of CECs using
synthetized photocatalyst, irradiation with A > 340 nm cut-off, and the three matrices: (a) Milli-Q
water, (b) Po River water, (c), aquaculture water.
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Figure 6. Pseudo first-order kinetic constants for the abatement of the mixture of CECs using
synthetized photocatalyst, irradiation with A > 400 nm cut-off, and the three matrices: (a) Milli-Q
water, (b) Po river water, (c), aquaculture water.

In order to have a broader understanding of the degradation mechanism of the con-
sidered pollutants by nitrogen-doped materials, experiments were repeated with irra-
diation at wavelengths longer than 400 nm using different scavengers. In particular,
tert-butyl alcohol, p-benzoquinone, ethylenediaminetetraacetic acid (EDTA), and 2,2,6,6-
tetramethylpiperidine (TEMP) were separately added as a scavenger of hydroxyl radi-
cals, superoxide radicals, holes, and singlet oxygen, respectively. Results are reported in
Figures S5 and S6 and evidence that depending on the emerging contaminant examined,
the reactive species involved in degradation are different, while no substantial dissimilar-
ities are observed between the two materials obtained via the different synthesis routes.
In particular, benzotriazole is degraded exclusively by superoxide radicals, while in the
degradation of bisphenol A and diclofenac, several reactive species such as superoxide
radicals, holes, and singlet oxygen are involved. As for sulfamethoxazole, singlet oxygen,
holes, and minimally hydroxyl radicals are involved.

For experiments performed using sol-gel materials on the CECs mixture in Milli-Q
water irradiated with a cut-off at 400 nm, the decrease in total organic carbon over time
was measured, as shown in Figure 7. Its decrease reflects the degree of mineralization at
the end of the photocatalytic process, which is greater for nitrogen-doped materials.

The reason for the remarkable increase in efficiency in the photocatalytic degradation
of pollutants for N-doped materials cannot be attributed to a reduction in the band gap
because, as demonstrated by the calculated band gap values (Table 1), there is no significant
change due to the introduction of the dopant, but rather due to the reduced recombination
of photo-generated hole-electron pairs on the material surface; in fact, defects due to
oxygen vacancies produced by doping with nitrogen generate intermediate band levels
and additional electronic states that can trap electrons and promote absorption into the
visible range. It is widely recognized that charge-carrier separation plays a key role in a
photocatalytic process, and this, in the present case, results in the increased degradation
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efficiency of N-TiO,-SG using the visible spectrum due to the generation of intraband gap
states produced by the interstitial nitrogen species present both on the surface and in the
bulk of the material [42].
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Figure 7. TOC abatement of CECs mixture in Milli-Q water using sol-gel materials and irradiation
A > 400 nm.

3. Materials and Methods

Titanium isopropoxide (97%), 2-propanol (>99.5%), ammonium chloride (>99.5%),
potassium permanganate (=>99%), fumaric acid (>99%), maleic acid (=>99%), phenol (>99%),
bisphenol A (>99%), benzotriazole (99%), sulfamethoxazole (analytical standard), and di-
clofenac sodium salt (pure) were purchased by Sigma Aldrich. All solutions were prepared
with ultrapure water Millipore Milli-Q™ (TOC < 2 ppb, conductivity > 18 M() cm).

3.1. Synthesis

Four different samples were synthesized: TiO; from hydrothermal synthesis (TiO,-
HT), TiO, from sol-gel synthesis (TiO;-SG), N-TiO; from hydrothermal synthesis (N-TiO;-
HT), and N-TiO; from sol-gel synthesis (N-TiO,-5G).

3.1.1. Synthesis of TiO, Using Sol-Gel

Precursors were mixed in a 1:1:1 ratio in a 50 mL beaker. Then, 8 mL titanium
isopropoxide, 8 mL 2-propanol, and 8 mL deionized water were added [43]. As soon as the
water was added under stirring, the gelling process was immediate. After a few minutes
of stirring with a magnetic stirrer bar, the beaker was covered and allowed to stand for at
least 24 h to ensure cross-linking and thus the correct execution of the sol-gel process. The
catalyst obtained was TiO, with numerous impurities due to solvent, reagent, and carbon
residues. A drying step of at least 4 h in an oven at 70 °C was carried out to remove the
most volatile species. Then, the sample was placed in a muffle furnace at 450 °C for 1 h
with a ramp of 5 °C/min to remove carbon residues and achieve complete calcination [44].

3.1.2. Synthesis of TiO, Using Hydrothermal Method

The hydrothermal method implies shorter times of reaction than the sol-gel method
due to the high-pressure and -temperature conditions achieved. The same solution de-
scribed in the previous paragraph was placed in a Teflon beaker and inserted into an
autoclave. The system was placed in the oven for 16 h at 175 °C and then cooled down
to ambient temperature. The sample thus collected was washed with deionized water,
centrifugated, and dried in the oven at 70 °C for 4 h.

3.1.3. Synthesis of N-TiO, Using Sol-Gel Method

Two solutions were prepared: solution A or the mixture of 8 mL of isopropoxide and
8 mL of 2-propanol (1:1 ratio) and solution B that consisted of 0.28 g of ammonium chloride
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in 8 mL of water [43]. Once the two solutions were mixed, the gel was allowed to stand for
at least 24 h and then dried in the oven at 70 °C for at least 4 h. After that, it was calcined at
450 °C for 1 h in a mulffle furnace, exploiting a heating ramp of 5 °C/min.

3.1.4. Synthesis of N-TiO, Using Hydrothermal Method

Two solutions were prepared to obtain the desired product: for solution A, 4 mL of
isopropoxide and 4 mL of 2-propanol (1:1 ratio) were mixed [43], while for solution B,
0.14 g of NH4Cl were added to 4 mL of deionized water. The two solutions were mixed in
a Teflon beaker, inserted into an autoclave, and placed in the oven at 175 °C for 16 h. The
sample was cooled to room temperature, washed with deionized water, centrifugated, and
dried in the oven at 70 °C for 4 h.

3.2. Characterization

All synthesized materials were characterized through powder X-ray diffractometry
(PXRD) to obtain phase identification and gain information about the crystallinity of the
materials. Diffractograms were recorded using the PANalytical PW3040/60 X'Pert Pro MPD
instrument, with Bragg-Brentano geometry, equipped with an X-ray generator supplied
with a voltage of 45 kV and a current of 40 mA and an X'Celerator scintillation detector.
Powder samples were exposed to X Cu K« radiation (A = 0.154056 nm) generated by
a ceramic tube with a copper anode, and diffracted beams were collected at 26 values
between 0 and 180°. The instrument was interfaced to a PC configured with the X'Pert
Data Collector and X'Pert HighScore software version 1.0c for recording and interpretation
of diffraction data. Diffused Reflectance UV-vis spectroscopy was utilized for the optical
characterization of the samples. The optical spectra were captured using a Varian Cary
5000 spectrophotometer (Agilent, CA, USA) and analyzed with the Carywin-UV /scan
software version 4.1 (Agilent, CA, USA). A reference sample of PTFE with 100% reflectance
was employed. The optical band gap energies were determined using the Tauc plot
method applied to the acquired spectra. The energy gap is directly linked to the absorption
coefficient near the absorption edge, and its magnitude is contingent upon the nature of
the transition (whether direct or indirectly allowed) [45].

3.3. Photocatalytic Activity

The photocatalytic activity of the synthesized materials was studied through heteroge-
neous photocatalysis tests for the degradation of organic pollutants in aqueous solutions.
Tests were carried out in Pyrex glass cells of a 5 mL capacity, equipped with a side opening
with a screw cap and with a magnetic stirring bar. Substrate solutions and suspensions of
each catalyst were prepared in Milli-Q water. The suspensions were put in ultrasonic bath
for 30 min before use to make them as homogeneous as possible. The solution containing
the organic target and the catalyst suspension was transferred to the cells at a ratio of 1:1.
The samples were irradiated for different times (from 0 to 120 min) and then filtered to
remove the catalyst and stop the degradation reactions. The filters used were Millipore
millex-LCR Hydrophilic PTFE 0.45 um.

An initial evaluation of the photocatalytic activity of the materials was carried out by
monitoring the removal of a 10 mg/L phenol solution in Milli-Q water using a concentration
of photocatalyst equal to 1 g/L. Photodegradation experiments were conducted inside
a Solarbox capable of simulating the spectrum of solar radiation. The Solarbox system,
manufactured by CO.FO.ME.GRA., was equipped with a 1500 W Xenon lamp with an
irradiance of 19 W/m? in the range 295-400 nm. Two different filters were used to select
the portion of radiation of interest: one for A > 400 nm, selecting the visible range and
excluding UV, and one for A > 340 nm, selecting UV-A and visible.

Furthermore, to gain a deeper understanding of the degradation mechanism of CECs by
synthetized photocatalysts, additional experiments at A > 400 nm were conducted, employing
different ROS scavengers. Tert-butyl alcohol, p-benzoquinone, ethylenediaminetetraacetic
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acid (EDTA), and 2,2,6,6-tetramethylpiperidine (TEMP) were separately added as a scavenger
of hydroxyl radicals, superoxide radicals, holes, and singlet oxygen, respectively.

Analyses of organic substrates were performed with an HPLC-UV instrument equipped
with a Rheodyne manual injector, two Merck Hitachi L-6200 pumps, a lichrospher 100 RP
C18 column (125 x 4 mm, part-cell diameter 5 pm), and a Merk Hitachi L-4200 single-
channel UV-visible detector. The instrument was interfaced to a PC configured with D-7000
HPLC System Manager software version 3.0 for chromatogram monitoring and processing.
Then, 1072 M orthophosphoric acid buffer (pH 2.8) (A) and acetonitrile (B) were used as
eluents for all analyses.

Analyses of phenol photodegradation samples in Milli-Q matrix were performed in
isocratic mode with 70:30 A/B at 1 mL/min flow, A = 220 nm. After the preliminary exper-
iments on phenol, the materials were tested on a mixture of four emerging contaminants,
namely, benzotriazole, bisphenol A, diclofenac, and sulfamethoxazole at 4 mg/L each. Milli-Q
water, Po River water (sampled on 30 September 2022 in Turin, Valentino Park), and water
sampled in an aquaculture plant were used as matrices. The analyses were carried out using
the following gradient at 1 mL/min flow: 75:25 A/B for 3 min; 75:25 to 65:35 over 4 min;
65:35 to 40:60 over 8 min; 40:60 for 5 min; 40:60 to 75:25 over 0.5 min; 75:25 for 5 min. The UV
detector was set at 220 nm, and the retention times were 2.96, 5.35, 14.08, and 18.20 min for
benzotriazole, sulfamethoxazole, bisphenol A, and diclofenac, respectively.

A Shimadzu Total Organic Carbon (TOC) analyzer, model TOC-V CSH, based on catalytic
oxidation of carbon on Pt at 680 °C, was used to determine the TOC, so the degree of mineral-
ization of samples containing emerging contaminant mixture after photocatalytic treatment and
the Non-purgeable Organic Carbon (NPOC) of real waters were used as matrices.

4. Conclusions

In this study, the synthesis of new TiO,-based materials was performed via the hy-
drothermal and sol-gel routes with the aim of obtaining a doped material efficient in
degrading a mixture of emerging contaminants, namely, Benzotriazole, Bisphenol A, Di-
clofenac, and Sulfamethoxazole, exploiting the use of visible light. The materials obtained
were characterized using powder X-ray diffractometry and diffused reflectance UV-vis spec-
troscopy and tested for the degradation of phenol and mixture of CECs by first irradiating
with a lamp equipped with a A > 340 nm cut-off and then using only the visible spectrum
(A > 400 nm) and matrices of increasing complexity. Based on the results obtained, it can be
inferred that when utilizing an irradiation source that encompasses the UV-A component of
the solar spectrum, the superiority of the use of doped materials compared to their pristine
counterparts is not readily evident, and there is no substantial distinction attributable to the
two distinct synthesis approaches. The most evident difference in the materials obtained
with the two synthesis approaches is the crystallinity, which is much higher for samples
obtained via the sol-gel process. Further analysis will be performed to obtain more infor-
mation and to better understand the reason for this difference. Conversely, experiments
conducted solely with the visible portion of light exhibit a noticeable advantage in the use
of nitrogen-doped materials and a heightened efficiency of the photocatalysts produced
through the sol-gel method, both in ultrapure and real water. N-TiO,-SG emerges as a
promising photocatalytic material when exposed to light with a wavelength greater than
400 nm. This is achieved through the introduction of nitrogen that leads to the genera-
tion of oxygen vacancies and, more importantly, to the formation of intraband gap states
that can play a crucial role in the double-step excitation of the light. These defects give
rise to intermediate band levels and extra electronic states, which have the capacity to
capture electrons and promote the absorption of visible light, making N-TiO,-SG a viable
choice for treating contaminated water. In fact, it can be effortlessly synthesized, offering a
cost-effective and eco-friendly approach that relies solely on visible light.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/inorganics11110439/s1, Figure S1: Degradation curves of benzotriazole us-
ing the synthetized photocatalyst in different matrices (a) Milli-Q, (b) Po River, (c) aquaculture water
irradiating with lamp equipped with A > 340 nm cut-off. Figure S2. Degradation curves of bisphenol A
using the synthetized photocatalyst in different matrices (a) Milli-Q, (b) Po River, (c) aquaculture water
irradiating with lamp equipped with A > 340 nm cut-off. Figure S3. Degradation curves of sulfamethoxa-
zole using the synthetized photocatalyst in different matrices (a) Milli-Q, (b) Po River, (c) aquaculture
water irradiating with lamp equipped with A > 340 nm cut-off. Figure S4. Degradation curves of di-
clofenac using the synthetized photocatalyst in different matrices (a) Milli-Q, (b) Po River, (c) aquaculture
water irradiating with lamp equipped with A > 340 nm cut-off. Figure S5. The degradation percentage
of CECs obtained using N-TiO, HT photocatalyst after two hours of irradiation with A > 400 nm in
the presence of t-butyl alcohol, p-benzoquinone, EDTA, and TEMP as scavengers of hydroxyl radicals,
superoxide radicals, holes, and singlet oxygen, respectively. Figure S6. The degradation percentage
of CECs obtained using N-TiO, SG photocatalyst after two hours of irradiation with A > 400 nm in
the presence of t-butyl alcohol, p-benzoquinone, EDTA, and TEMP as scavengers of hydroxyl radicals,
superoxide radicals, holes, and singlet oxygen, respectively.
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Abstract: In this study, we investigated the preparation conditions of polystyrene (PS)@TiO, core—
shell particles and their photocatalytic activity during the decomposition of methylene blue (MB).
TiO, shells were formed on the surfaces of PS particles using the sol-gel method. Homogeneous
PS@TiO, core—shell particles were obtained using an aqueous NHj solution as the promoter of the
sol-gel reaction and stirred at room temperature. This investigation revealed that the temperature
and amount of the sol-gel reaction promoter influenced the morphology of the PS@TiO, core—shell
particles. The TiO, shell thickness of the PS@TiO, core-shell particles was approximately 5 nm, as
observed using transmission electron microscopy. Additionally, Ti elements were detected on the
surfaces of the PS@TiO, core—shell particles using energy-dispersive X-ray spectroscopy analysis.
The PS@TiO; core-shell particles were used in MB decomposition to evaluate their photocatalytic
activities. For comparison, we utilized commercial P25 and TiO, particles prepared using the sol-gel
method. The results showed that the PS@TiO, core—shell particles exhibited higher activity than that
of the compared samples.

Keywords: titania; polystyrene; core—shell; methylene blue; photocatalytic activity

1. Introduction

As environmental pollution continues to worsen, technologies and materials that miti-
gate this issue have become widely researched topics [1,2]. Organic dyes primarily released
from industrial plants are among such pollutants that form part of effluents in various
water bodies [3,4]. Dyes such as methylene blue (MB) are toxic and nonbiodegradable, and
they remain in the water for long periods of time [5]. Therefore, developing methods for
removing dyes from water bodies is crucial.

Many approaches have been reported for dye removal, such as flocculation, chem-
ical oxidation, membrane filtration, chemical coagulation, photochemical degradation,
and biological degradation [4-6]. Notably, photocatalysis is an effective method for dye
degradation because of its advantages, such as its eco-friendliness, high efficiency, low
cost, and reusability [7,8]. Recently, hydrogen evolution was promoted in the presence of
photocatalysts such as metal compound/g-C3Ny systems and flower-like carbon quantum
dots/BiOBr composites [9-13].

Titanium dioxide (TiO;,) is well known for being an excellent photocatalyst. This
oxide has attracted attention for use in pollutant removal because it offers high conversion
efficiency, good chemical stability, and low cost [14-16]. The sol-gel reaction has been
reported as a synthetic method for generating TiO, particles [17,18]. In general, TiO,
particles with a small particle size can efficiently act as a photocatalyst; however, these tend
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to agglomerate due to their high energy and reduce the number of available active sites [19].
To solve this problem, TiO, particles have been immobilized on polymer substrates such
as polymers, including polyethlene [20,21] and poly (dimethylsiloxane) beads, [22] and
so on [23]. Moreover, it is difficult to obtain TiO, particles with uniform size due to the
fast sol-gel reaction rates exhibited by Ti precursors [24,25]. Therefore, the challenge is
to immobilize TiO, particles uniformly on the surfaces of substrates. Additionally, many
complex processes are required in order to obtain substrate-supported TiO, particles due
their long synthesis time [26-28]. We propose a facile method for the immobilization of
TiO, particles on the surfaces of polystyrene (PS) particles.

Monodisperse PS particles with a positive charge were prepared using emulsifier-free
emulsion polymerization using 2/2-azodiisobutyramidine dihydrochloride as the initiator
and poly (vinylpyrrolidone) as the stabilizer [29-31]. Previous studies found that 5iO;-
Al,O3 nanoparticles could be collected on the surfaces of PS particles. In this method, the
5i0;-Al, O3 nanoparticles were prepared using the sol-gel method, and the nanoparticles
with negative charges were attracted to the surfaces of the PS particles because of their
positive charges, thus forming SiO,-Al,Oj3 shells [32]. With this knowledge in mind, we
attempted to collect TiO, particles on the surfaces of PS particles using this simple method.

Herein, we report PS@TiO, core-shell particles synthesized using the sol-gel method.
In this method, TiO, shells were formed on the surfaces of PS particles. Homogeneous
spherical particles were obtained by adjusting the reaction temperature and amount of the
promoter aqueous NHj solution. A schematic illustration of the synthesis of the PS@TiO,
core—shell particles is shown in Figure 1. Experimental observations confirmed that the
diameters of PS@TiO, core—shell particles were approximately 220 nm. Furthermore,
TiO, was confirmed to be present on the surfaces of the PS@TiO, core-shell particles.
The photocatalytic activity of the PS@TiO, core—shell particles was evaluated using MB
decomposition. The PS@TiO, core-shell particles showed better performance than that of
the commercial P25.
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Figure 1. Schematic illustration of the formation process of PS@TiO, core-shell particles.

2. Results and Discussion

First, we investigated the influence of preparation conditions such as the prepara-
tion temperature and amount of aqueous NHj solution on the morphology of PS@TiO,
core—shell particles. Figure 2a—c show scanning electron microscopy (SEM) images of
PS@TiO, core—shell particles prepared at various preparation temperatures and with vary-
ing amounts of aqueous NHj solution. Uniform spherical particles were prepared using
300 pL of aqueous NHj solution at room temperature (Figure 2a), whereas spherical par-
ticles and particles with irregular shapes were prepared using 300 uL of aqueous NHjs
solution at 323 K (Figure 2b). Meanwhile, the rough layers, including spherical particles
on the surface, were observed in SEM images of Figure 2c when prepared using 1000 pL
of aqueous NHj solution at room temperature. Using this process, the TiO, nanoparticles
prepared via the sol-gel reaction were collected on the surfaces of PS particles. Reportedly,
the sol-gel reaction rate enhances higher temperatures and increases the amounts of pro-
moters such as NHj3 [33]. Consistent with the above reports, a faster sol-gel reaction rate
promoted TiO, particle growth, leading to the formation of particles with irregular shapes
and rough layers, as shown in Figure 2b,c. Moreover, we confirmed the presence of TiO,

179



Inorganics 2023, 11, 343

3o0f11

on the surfaces of uniform PS@TiO, core-shell particles prepared using 300 uL of aqueous
NH3 solution at room temperature through energy-dispersive X-ray spectroscopy (EDX)
measurements. Figure 3 shows elemental mapping images of O, Ti, and C for the prepared
PS@TiO; core-shell particles. O and Ti were observed in the overall images, and the ratio
of O:Ti was approximately 1:1. Additionally, the areas of C elemental mapping overlapped
the areas of Ti and O elemental mapping. This result suggests that very thin TiO, shells can
be formed on the surfaces of PS particles. Meanwhile, we measured the specific surface
area of the PS@TiO; core-shell particles using the Brunauer-Emmett-Teller (BET) method.
The results showed that the specific surface area of the PS@TiO, core—shell particles was
125m? g L.

Figure 2. SEM images of PS@TiO, core—shell particles prepared at (a) room temperature, (b) 323 K using
300 uL of aqueous NHj solution, and (c) room temperature using 1000 pL of aqueous NHj solution.

Figure 3. SEM/EDX images of (a) PS@TiO, core-shell particles and element mappings of (b) Tj, (c) O,
and (d) C.

Next, the morphology of PS@TiO, core-shell particles were observed in detail using
transmission electron microscopy (TEM). For comparison, we used TiO, particles prepared
using sol-gel reactions and commercial P25. Figure 4a shows a TEM image of PS particles.
In this image, the diameters of the PS particles are approximately 280 nm. Figure 4b,c
show TEM images of the PS@TiO; core-shell particles. The obtained images show that
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the diameters of the spherical particles were approximately 290 nm. The presence of the
TiO, shell was confirmed by the different contrasts between core and shell. As shown in
Figure 4a—c, the shell thickness of the PS@TiO, core—shell particles could be ~5 nm. This
result is also consistent with the results of the SEM/energy-dispersive X-ray spectroscopy
(EDX) element mapping images, which show the detection of C (Figure 3). Meanwhile, the
presence of prepared TiO, particles and P25 was also confirmed using the TEM images. In
these results, the prepared TiO; is presented in random shapes (Figure 4d), whereas crystal
particles with diameters of 20-50 nm are observed in the TEM image of P25 (Figure 4e).

Figure 4. TEM images of (a) PS particles, (b,c) PS@TiO, core-shell particles, (d) prepared TiO,, and
(e) commercial P25.

The crystallinity of the samples was measured using powder X-ray diffraction (XRD).
Figure 5 shows the XRD patterns of the PS@TiO, core-shell particles, the prepared TiO,,
and the commercial P25. The PS@TiO, core-shell particles showed a broad diffraction peak,
whereas the prepared TiO, showed no peak, indicating that both samples were composed
of an amorphous phase. Meanwhile, the commercial P25 showed sharp peaks, indicating
that it was composed of rutile and anatase phases [34].
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Figure 5. XRD patterns of (a) the PS@TiO, core-shell particles, (b) the prepared TiO,, and (c) the
commercial P25.

Finally, the photocatalytic activities of the PS@TiO, core-shell particles, the prepared
TiO,, and the commercial P25 were evaluated through MB decomposition. The main peak
of MB was observed at 664 nm. The UV visible (UV-Vis) absorption spectra of the PS@TiO,
core-shell particles, the prepared TiO,, the commercial P25, and the PS particles monitored
at different times are shown in Figure 6a—d. As seen in these results, the intensity of the
absorption peak gradually decreased with the reaction time in the presence of the PS@TiO,
core-shell particles, the prepared TiO,, and the commercial P25. However, the intensity of
the absorption peak was not changed in the presence of the PS particles. Figure 6e shows
the reaction time dependence of MB decomposition in the presence of these samples with
UV irradiation. The relative intensity of the absorbance at 664 nm was used to calculate the
value of C/Cy, where Cy and C are the MB concentrations of the aqueous MB solution at
the beginning and reaction time, respectively. In the presence of the PS@TiO, core—shell
particles and the prepared TiO,, 84% and 38% of MB degraded within 3 min. Meanwhile,
84% and 60% of MB degraded within 24 min, indicating that both samples did not promote
MB decomposition after 4 min. In the case of the commercial P25, the intensity of the main
peak gradually decreased with the increase in reaction time, and 58% of MB degraded
after 24 min. On the other hand, the PS particles showed no activity. These results indicate
that the PS@TiO, core-shell particles demonstrated a faster reaction rate than those of the
prepared TiO; and the commercial P25.

The PS@TiO, core—shell particles were used in MB decomposition with and without
UV irradiation to evaluate their photocatalytic activity. Figure 7a shows the UV-Vis absorp-
tion spectra of the reaction solutions with the PS@TiO, core-shell particles without UV
irradiation. The intensity of the absorption peak at 664 nm was unchanged without UV
irradiation. Figure 7b shows the reaction time dependence in the presence of the PS@TiO,
core—shell particles with and without UV irradiation. With UV irradiation, 87% of MB
degraded after 24 min, as described in the above results, whereas without UV irradiation,
MB decomposition was not promoted.

182



Inorganics 2023, 11, 343

60f11

1.5 i 15 B min
—— {a) 1) 5“:: 1 — (b] 0.5 min|
:i 1 min ﬁ : glin.
=10 cwn | 210t S
a 25 min bt 2.5 min
g 3 min = 3min
8 Fhlll I P g
a 0.5 t:l::;:n _§ I 10 mn
<L 6 min ey 18 min

= = SN 24 min o ¢ 24 mn
00 550 800 &850 700 750 200 550 600 850 700 750
Wavelength/ nm Wavelength/ nm
18 Pt I g e
:: &min =
12 nin 3
%10 1€ min 5-‘11_0
o 24 min g
= <
3 T
-E 0
g05 505
3 3
< <
’:‘_\_& - " " " ‘.i_
gOU 550 600 650 700 750 800 250 600 650 700 750
Wiavelength / nm Wavelength/ nm
1.0 —_Te)i Ps gaﬁurrit:l;%
08 S
& ‘;‘1"*»* Commearcial P25
¢__3 0.6 t‘&i-'“-*—-.p
“o4 —
Prepared TiC,
02+ . PSL-'E’-’FO;?I‘G—SHC:I, p,:irticle:-;
%% 10 165 20 25 30

Reaction time/ min

Figure 6. UV-Vis absorption spectra of the reaction solutions with (a) PS@TiO, core-shell particles,
(b) prepared TiO,, (c) commercial P25, and (d) PS particles. (e) Relationship between C/Cy and the
reaction time for MB decomposition.
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Figure 7. UV-Vis absorption spectra of the reaction solutions with (a) PS@TiO, core-shell particles
without UV irradiation. (b) Relationship between C/Cy and the reaction time for MB decomposition
in the presence of the PS@TiO, core—shell particles with and without UV irradiation.

Herein, we discussed the differences in the photocatalytic activities of the PS@TiO,
core-shell particles, the prepared TiO,, and the commercial P25. First, we noted that
PS@TiO, core-shell particles exhibited the highest MB decomposition activity. In this
activity evaluation, the masses of the samples were equal, whereas the masses of TiO,
were lower than the practical masses of the samples because PS@TiO, core-shell particles
contained PS particles as the core. Nevertheless, the PS@TiO; core—shell particles exhibited
the highest MB decomposition activity among all samples. This may have been because
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TiO; shells with a shell thickness of about 5 nm were uniformly coated on surface of PS
particles leading to efficient activity promotion. Therefore, the PS@TiO, core—shell particles,
the prepared TiO,, and the PS particles were investigated via photoluminescence (PL)
measurements. Figure 8 shows the PL spectra of the PS@TiO, core—shell particles, the
prepared TiO,, and the PS particles. From this result, a broad peak was observed at around
390 nm for the PS@TiO, core—shell particles and the prepared TiO,, while no peak was
observed for the PS particles. In addition, the PS@TiO, core-shell particles exhibited a
higher peak intensity than the prepared TiO,. This peak was attributed to band-to-band
transition [35]. Previous studies have reported that a peak was not observed for amorphous
TiO, because of the lack of fluorescence [36], whereas for the TiO, with anatase crystalline
phases, a peak was observed [35]. It may be that the TiO; shells on the surface of the
PS@TiO, core-shell particles formed very tiny crystal particles with poor crystalline phases.
The broad peaks observed at 20° in the XRD results may imply the existence of poor
crystalline phases. In other reports, the peak intensity of the amorphous TiO, coating on
the surface of ZnO particles increased compared with that of ZnO particles, indicating
that the fine control of TiO, shell thickness on the surface of ZnO nanoparticles was very
important for the enhancement of PL intensity [37]. Considering this, the crystallinity and
thickness of the TiO, shell of PS@TiO, core-shell particles may play an important role in
MB decomposition.

3

(%)
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Intensity (a.u.)

IR . Ny

D !
380 400 420 440 460 480 500
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Figure 8. PL spectra of (a) PS@TiO, core—shell particles, (b) prepared TiO,, and (c) PS particles.

Next, a comparison of the MB decomposition obtained in this study with those of other
previously reported studies [38—42] is listed in Table 1. It was found that PS@TiO, core—
shell particles show higher activity than most TiO,-polymers and their related catalysts.
However, the MB degradation rate per dosage of the PS@TiO, core-shell particles (0.379%
min~'mg~!) was lower than that of TiO, / graphene porous composites (0.64% min~'mg~1).
This result might be ascribed to the different crystallinity of TiO,. The TiO; shells of the
PS@TiO, core—shell particles were probably amorphous phases, as shown in Figure 5a. On
the other hand, the TiO; on the graphene porous composites was an anatase phase [42].
Indeed, the band gap of the amorphous TiO; is higher than that of the rutile and anatase
TiO, [43]. Moreover, there may also be a difference in the mechanism of photocatalysis.
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Table 1. Comparison of the MB decomposition of TiO,-polymer photocatalysts in previous reports.

Samples Light Source Conc::[lfration Dosage/mg 151 fgizd;tii:: References

core—lg}??lir;oaiticles (15(}I ;1/\11\??11}1*2) (1.9 Z<pl}())rfl5 M) 10 3.67 This study
TiO, firm /ABS Xe(ggg %z‘;;‘p 10 x 105 M (;\I;’ git;) 0.67 38
PU/?;réOVjtz;gbrid UV-A irradiation 10 ppm No data 3.19 39
CAT-1#1 Xe(ggro‘ é‘j[r)“p 50 ppm 20 0.29 40
porous omponte G0N 10 ppm 1 064 u
carTbl(?rf ﬁzﬁg(;ﬁ)irs Xe(régg é?/?p 10 ppm 50 1.88 42

*1 CAT-1: TiO,-MWCNT-C 1 hybrid aerogel.

In addition, we discussed the differences in reaction rates between the PS@TiO, core—
shell particles and the commercial P25. The reaction rates of MB decomposition in the
presence of the PS@TiO, core-shell particles and the commercial P25 from 0 to 4 min
were 21.3% min~! and 3.7% min~!, respectively. Meanwhile, the reaction rates of MB
decomposition from 4 to 24 min were 0.13% min~! and 2.1% min "}, respectively. The
significantly faster reaction rate of the PS@TiO; core-shell particles might be related to
the zeta potential of the samples. TiO, samples such as P25 reportedly have a negatively
charged surface at a pH value of greater than 7 [44]. Meanwhile, the PS@TiO, core-shell
particles have a negatively charged surface at a pH value of more than 4-5 [45,46]. Because
the pH of the reaction solution was 6 in this study, the surface of the PS@TiO, core—shell
particles was negatively charged, whereas the surface of the commercial P25 was positively
charged. MB which have cationic ions were electrochemically attracted to the surface of the
PS@TiO, core-shell particles, leading to an increase in the initial reaction rate. Meanwhile,
the MB was electrochemically repelled from the surface of the commercial P25. The
photocatalytic activity decreased after 4 min, probably because the rate of MB adsorption
on the surface was faster than the rate of decomposition induced by the photocatalyst, and
the MB covered the TiO, layer as it prevented the blocking of UV irradiation. In order to
solve this problem, we suggest that TiO, hollow spheres are prepared via calcination of the
PS@TiO; core—shell particles. The hollow spheres have high specific surface areas because
of the void spaces, leading to an increase in contact frequency with the MB. We found that
the PS particles can be decomposed via calcination at 723-873 K [47]. The crystallinity of
the TiO, simultaneously grows during calcination. Based on this knowledge, we expect
that TiO, hollow spheres with crystalline shells can efficiently act as photocatalysts.

3. Materials and Methods
3.1. Synthesis of PS@TiO, Core-Shell Particles and TiO; particles

PS particles were prepared with reference to a previous study [29]. The collected
PS was washed with ethanol (10 mL, Kanto Chemical Co., Tokyo, Japan, >99.5%) via
centrifugation at 3800 rpm for 10 min, twice. The final PS contents were dispersed in
ethanol (15 mL). This PS suspension (10 g), titanium-n-butoxide (1000 puL, Kanto Chemical
Co., >98.0%), and ethanol (40 mL) were stirred at room temperature for 24 h. The obtained
suspension was centrifuged at 3800 rpm for 10 min and washed with ethanol to obtain the
precursor of the PS@TiO, core-shell particles. The precursor was spread in ethanol (20 mL).
After that, ethanol and an aqueous NHj solution (300 or 1000 nL, Kanto Chemical Co.,
28.0-30.0% NHs) were added to the precursor suspension, which was then stirred at room
temperature or 323 K for 17 h. Then, the suspension was centrifuged at 3800 rpm for 10 min,
and the collected white contents were dried in a desiccator overnight to obtain the PS@TiO,
core—shell particles. For comparison, we utilized commercial P25 (Kanto Chemical Co.)
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and TiO, particles prepared using the sol-gel method. The TiO; particles were prepared as
follows: The titanium-n-butoxide (1000 uL), aqueous NHj3 solution (300 pL), and ethanol
were stirred at room temperature for 1 h. After that, the white suspension was separated
via filtration. The collected white powders were dried in a desiccator overnight to obtain
the TiO, particles.

3.2. Characterization

The morphologies of the samples were observed via TEM (JEM 2010F, JEOL), operating
at an accelerating voltage of 200 kV, and SEM (SU3500, JEOL), operating at an accelerating
voltage of 15 kV. The chemical compositions and mapping images of the samples were
determined using EDX spectroscopy. The specific surface areas of the samples were
measured using N, sorption at 77 K using the BET method (Belsorp-mini, MicrotracBEL).
The crystallites of the samples were determined using XRD (MultiFlex X-ray diffractometer,
Rigaku) at 30 kV and 15 mA of CuK« radiation. PL measurement was performed to evaluate
the samples using a fluorospectrophotometer with a Xe lamp light source (HITACHI, F-
4500). The measurement excitation wavelength was set to 365 nm. All measurements of the
sample were carried out at room temperature.

3.3. Photocatalytic Activity in MB Decomposition

The photocatalytic activities of the PS@TiO; core—shell particles, the prepared TiO,
the commercial P25, and the PS particles were evaluated using MB decomposition. Samples
(10 mg) were added to 7 ppm aqueous MB solutions (100 mL). Thereafter, this suspension
was stirred at 30 min in a black box (40 cm X 40 cm x 40 cm). Then, the photocatalytic
reaction was started after irradiation with a UV lamp (365 nm) with the irradiation power
(150 mW /cm?) in the black box. A total of 3 mL of the mixture was withdrawn, and the pure
aqueous MB solution was separated from the suspension by centrifugation at 3800 rpm
for 5 min. The adsorption spectra of these solutions were recorded on spectrophotometer
(UV-1800, Shimazu).

4. Conclusions

We synthesized PS@TiO, core—shell particles and demonstrated their photocatalytic
activity in MB decomposition. In this method, TiO; nanoparticles prepared using the
sol-gel method were collected on the surfaces of PS particles. Homogeneous PS@TiO, core—
shell particles were obtained using 300 uL of an aqueous NHj3 solution and stirred at room
temperature. TEM images showed that the TiO; shell thickness on the surfaces of the PS
particles was approximately 5 nm. Additionally, Ti elements were confirmed to be present
on the surfaces of the PS@TiO, core-shell particles using EDX analysis. The photocatalytic
activities of the PS@TiO, core—shell particles were evaluated using MB decomposition.
For comparison, we utilized TiO,, prepared using the sol-gel method, and commercial
P25. The MB decompositions of the PS@TiO, core-shell particles, the prepared TiO,, and
the commercial P25 after 24 min were 87%, 60%, and 58%, respectively. The crystallinity
and shell thickness of TiO; on the surface of PS particles might play important role in MB
decomposition. On the other hand, the reaction rates of the PS@TiO, core-shell particles
between 0 and 4 min (21.3% min ') were faster than those of the commercial P25 (3.7%
min~!). Meanwhile, the rate of MB decomposition from 4 to 24 min was likely promoted
in the presence of the PS@TiO, core-shell particles, probably because the surface of the
PS@TiO, core—shell particles may have adsorbed the MB and its related decomposition
products, leading to a decrease in photocatalytic activity. As one of the approaches to solve
this problem, PS@TiO, core—shell particles can be synthesized via calcination to obtain TiO,
hollow spheres.
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Abstract: The article is devoted to the neutralization of the harmful effects of aluminochrome catalyst
sludge. Catalyst sludge is a waste product from petrochemical production and poses a serious threat
to the environment and humans because of the toxic hexavalent chromium it contains. The emissions
of Russian petrochemical enterprises” alumochrome sludge is 10,000-12,000 tons per year. In this
paper, research related to the possibility of reducing the harmful effects of sludge by converting
hexavalent chromium to a less dangerous trivalent state is presented. The reduction of hexavalent
chromium was carried out with different reagents: Nay;SO3, FeSOy4, NayS,03, and NayS;Os. Then, a
comparative analysis was carried out, and sodium metabisulfite was chosen as the most preferred
reagent. The peculiarity of the reducing method was carrying out the reaction in a neutral medium,
pH =7.0. The reduction was carried out in the temperature range of 60-85 °C and under standard
conditions. The maximum recovery efficiency of chromium from the catalyst sludge (100%) was
achieved at 85 °C and 10 min. This method did not involve the use of concentrated sulfuric acid, as
in a number of common techniques, or additional reagents for the precipitation of chromium in the
form of hydroxide.

Keywords: catalyst sludge; hexavalent chromium; reduction; neutralization; deposition

1. Introduction

Alumochrome catalyst is used in the petrochemical industry, in the process of the
dehydrogenation of lower paraffins to C3-C5 olefins, which are used in the production
of synthetic rubbers, plastic masses, and high-active additives for fuels [1-3]. The total
volume of olefins produced by dehydrogenation methods in Russia is 600,000-700,000 tons
per year [4].

The catalyst is an Al,O3-CryO3-5i0, system obtained by the thermal activation of
gibbsite [5]. Russian companies use catalysts of IM-2201 and KDM grades. The catalyst
undergoes irreversible deactivation due to changes in the state of the active component,
as well as being destroyed by mechanical action. The catalyst fragments are carried out of
the reactor zone in the form of dust, which makes it necessary to carry out wet scrubber
cleaning [6,7]. As a result, watered-down catalyst sludge, which the U.S. Environmental
Protection Agency (EPA) classifies as a Group A carcinogen for humans, is removed from
the plant’s reaction zone [8].

This sludge poses a serious threat because it contains trivalent and hexavalent chromium
ions. The most stable oxidation degrees of chromium are trivalent and hexavalent. Hex-
avalent chromium is soluble in water in the entire pH range, while trivalent chromium
can be dissolved or precipitated as chromium hydroxide in mildly acidic and alkaline
environments of pH 4-8 [8]. Cr(VI) is the strongest carcinogen and mutagen; it is about
1000 times more toxic than Cr(III) [9,10]. Chromium is considered one of the top 20 pollu-
tants on Superfund’s list of priority hazardous substances over the past 15 years [11]. From
this, we can conclude that all industrial waste containing hexavalent chromium must be
thoroughly recycled.
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Alumochrome catalyst sludge is not recycled and is stored in special landfills, which
leads to the accumulation of large-scale hazardous waste [12-14]. The storage of highly
toxic sludge is costly and creates environmental problems, such as the pollution of sewage,
groundwater, and air space, and has a detrimental effect on the health of living organ-
isms [15-17]. In this regard, the development of technology to reduce the toxicity of waste
by removing hexavalent chromium, with subsequent recycling, is relevant [18,19].

Since the catalyst sludge has an initial pH = 7, the reduction of Cr(VI) to Cr(IIl) was
carried out in a neutral medium rather than in a strongly acidic one, as previously used,
which is a novelty. Moreover, sodium metabisulfite was used as a reducing agent, which
was not previously used for the reduction of chromium. The method proposed in this work
to recover hexavalent chromium from catalyst sludge can be used at petrochemical plants
to reduce the environmental load.

2. Literature Review

To date, there are various methods for cleaning solutions of hexavalent chromium,
such as extraction, sorption, and bacterial, and using inorganic and organic reducing agents.
Over the past few years, methods of removing chromium from waste solutions from various
industries have become increasingly diverse.

The extraction method for extracting hexavalent chromium from wastewater is dis-
cussed in an article by Ziwen Ying et al., which compared nine amide extractants with
different alkyl groups and six diluents with different polarity [20].

Liping Dai and Anil Kumar considered liquid membranes as extractants [21,22]. Liu
and Xiaoyun Wu et al. constructed a bipolar membrane electrodialysis system (BMES)
for the simultaneous extraction of Cr(Ill) and Cr(VI) from chromium slurry in the form of
NaQCrO4 [23,24].

Ion exchange is widely used for the wastewater treatment of Cr(VI) ions, and various
types of resins, zeolites, and natural sorbents are used as sorbents. In a study by Zhenxiong
Ye et al., a process combining ion exchange and reduction—deposition, based on pyridine
resin SiPyR-N4 deposited on a silicon dioxide carrier, with a Cr (VI) removal efficiency
of 99.3% from the solution [25], was proposed. Jiayu Lu et al. used a binary solution of
sapind saponin and the surfactant cetyltrimethylammonium bromide to remove Cr (VI)
and recorded 94% removal [26].

Biochar is used as an adsorbent to remove pollutants from industrial wastewater.
Studies by Zixi Fan et al. and Jianhua Qu et al. investigated several types of activated
and deactivated biochar to effectively remove Cr (VI) from polluted industrial wastewa-
ter [27,28]. For the adsorption of chromium from solutions in the works of Paulina Janik
et al. and Changwoo Kim et al., graphene oxide was modified with various aminosilanes
containing one, two, or three nitrogen atoms in the molecule [29,30]. In a study by Xufan
Zhang et al., magnetic titanomagnegemite (Fe,TiOs) was sulfated with H,S gas to increase
the removal efficiency of Cr (VI) [31].

The electrochemical reduction (ECR) of Cr (VI) to Cr (III) was extensively described in
the removal of Cr (VI) from contaminated water. In a research study, Fubing Yao et al. used
a single-chamber cell with a titanium anode for the indirect reduction of Cr (VI) and the
deposition of Cr (III) [32].

Electroflotation (EF) is effective for removing various types of organic and inorganic
pollutants. A. V. Kolesnikov et al. studied the EF process in the removal of hydroxide
Ni(Il), Cr(IlI), and other metals from the solution, using sodium sulfate as the background
electrolyte [33].

The use of nanomaterials, which are considered to be materials smaller than 100 nm,
is gaining popularity. The use of some inorganic nanoparticles as reducing agents or
catalysts can significantly increase the reduction rate of Cr (VI) [30]. In the works of
Miroslav Brumovsky et al. and Qiangian Shao et al., the exploitation of sulfidized iron
nanoparticles to increase the reactivity and selectivity of nZVI, with respect to the target
pollutant chromium [34,35], was considered. Some of the nanomaterials used were bifunc-
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tional MOF/titanate nanotube composites [36], chitosan-grafted graphene oxide (CS-GO)
nanocomposite [37], and graphene/SiO, nanocomposites @polypyrrole [38].

Over the past few years, methods of removing chromium from solutions by biological
waste from various industries have been gaining popularity. Living organisms such as
bacteria, yeast, fungi, algae, and plants proved to be effective bioremediation agents.
Biosorption is another phenomenon in which a product of biological origin and byproducts
are used as an adsorbent, and the process of adsorption is called biosorption. In the
works of Golovina V.V. and Bagauv A.IL [39,40], chromium was extracted from solutions
by logging wastes, namely bark and sawdust. Cherdchoo W. et al. conducted studies on
the adsorption of chromium on ground coffee and mixed tea waste [41]. Vilardi G. et al.
studied adsorption on biomass from olive seeds [42]. Bacterial methods of chromium
extraction were described in the works of Zorkina O.V. and Singh P. [43,44].

All of these methods have a number of drawbacks. Electrochemical processes are effi-
cient but require a high energy supply and skilled labor. The adsorption process is also effi-
cient, but, after several cycles, the material removal potential decreases. The bioremediation
process is environmentally friendly, but it takes a long time to complete [44,45]. The choice
of a suitable purification technology depends on the initial concentration of heavy metals,
the operating costs, and the characteristics of the solutions containing chromium ions.

The reagent method (recovery method) is widespread because of the minimum cost
and relative simplicity of its technological process, due to which the maximum extraction in
a wide range of parameters of chromium-containing waste is provided [46]. The reduction
of hexavalent chromium to trivalent chromium by inorganic reducing agents is carried
out in an acidic environment, followed by the precipitation of metal ions in the form of
hydroxides in an alkaline environment [47].

The most commonly used reagents to convert Cr (VI) to Cr (III) are the sodium salts
of sulfuric acid: sulfite (NaySQO3), bisulfite (NaHSQO3), thiosulfate (Na,S,0Os), iron sulfate
(FeSOy), iron chips, and organic reducing agents. The reductions proceed according to the
following reactions (1)—(4) [47-49]:

Reaction with sodium sulfite:

H,Cr;O7 + 3NaySO3 + 3HySO4 — Crp(SOy4)3 + 3NapSO4 + 4H,0 1)
Reaction with sodium thiosulfate:
HyCryO7 + 2NapS,03 + HpSO4 — Cryp(SO4)3 +2NapSOy4 + 2H,O 2)
Reaction with ferrous sulfate:
HyCryO7 + 6FeSO4 + 6HSO4 — Crp(SO4)3 +3Fen(SO4)3 + 7HO 3)
Reaction with iron shavings:
H,Cr;O7 + 2Fe + 6H,SO4 — Crp(SOy)3 + Fep(SOy)3 + 7H,O 4)

The above reactions occur in the strongly acidic region, at pH = 2.5. Chromium is
converted to the trivalent form as sulfate; the reagents used to precipitate the trivalent
chromium as Cr(OH); are Ca(OH),, Na;COj3, and NaOH. This reaction must be closely
monitored, since chromium hydroxide completely dissolves when the pH is increased
above 8-9 [8,48].

Such a purification scheme has a number of disadvantages, such as the use of concen-
trated sulfuric acid to acidify solutions and reagents for chromium precipitation in narrow
pH ranges.

3. Results and Discussion

Alumina catalyst sludge, which was formed during isobutane dehydrogenation and
is a green-colored slurry, was used as an object of study.
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For analysis, the slurry had to be separated into liquid and solid phases, and their
qualitative and quantitative compositions had to be determined. The filtration process was
carried out using a vacuum.

The solid phase has a gray-green color, and the liquid phase has a bright yellow color
(Figure 1).

Figure 1. Liquid and solid phases of catalyst slurry.

In the course of this research, it was revealed that trivalent chromium in the liquid
phase of the catalyst sludge was absent, and no precipitate was formed when precipitating
with a concentrated ammonia solution. The content of the hexavalent chromium in the
solutionis 1.2 g/ dm3.

The solid phase of the catalyst sludge is a finely dispersed powder with the presence
of amorphous agglomerates ranging in size from 1 to 20 microns, as shown in Figure 2.
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(b)
Figure 2. SEM of the solid phase of the catalyst slurry: (a) before reduction; (b) after reduction.

The process of the reduction of hexavalent chromium with sodium metabisulfite in
the pulp had no effect on the morphological structure of the solid phase.
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The solid phase of the catalyst slurry is a finely dispersed powder with the presence of
amorphous agglomerates ranging in size from 1 to 20 microns.

The results of diffractograms performed using X-ray powder diffraction are shown in
Figure 3. According to X-ray diffraction analysis, we can see from the crystalline phases in
the sample there is a mix of alpha aluminum oxide and delta aluminum oxide, as well as
roughly dispersed crystallites of the solid solution Cr,O3-Al,O3 (chromaluminum oxide).
According to X-ray analysis, we can say that there is a high proportion of the amorphous
phase. The results of infrared spectrometry (ALPHA 11, Bruker, Billerica, MA, USA) showed
nothing but the presence of aluminum alpha-oxide (Figure 4).
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Figure 3. XRF of spent chromium catalyst.
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Figure 4. IR spectrum of the solid phase of catalyst sludge.

The composition of the solid phase of the catalyst slurry before and after the separation
of water-soluble chromates is presented in Table 1.
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Table 1. Chemical composition of the solid phase of catalyst sludge.
Name of Specimen and Concentration, % wt.
Research Instrument
A1203 SiOZ K20 CaO Ti02 Cr203 Fe203 ZnO ZrOz
Solid phase of catalyst sludge 7246 1161 249 018 023 1174 021 001 023
(initial) (Shimadzu)
Solid phase of catalyst sludge (initial) i i
(ISP MS) 70.20 8.8 1.90 0.30 0.23 13.5 0.31
Solid phase of catalyst sludge (initial) 718 10.08 204 035 ) 136 027 ) )

(microanalysis: Tescan Vega 3)

Studies to identify the free chromates on the surface of the solid phase of the catalyst
showed their absence.

The results showed that all trivalent chromium is contained in the solid phase and
all hexavalent in the liquid phase, which means that only the liquid phase of the catalyst
slurry is subjected to the reduction process.

3.1. Recovery of Hexavalent Chromium in the Liquid Phase of Catalyst Sludge

All experiments with the initial liquid phase of the catalyst slurry were performed
without acidification with sulfuric acid for all the selected reducing agents. The reduction
of hexavalent chromium was carried out in the temperature range of 50 °C-85 °C.

Hexavalent chromium in the liquid phase, at pH = 7, is in the form of chromates, as
chromate ions prevail at pH > 6.5, according to the literature [50,51]. The conditions of the
liquid-phase reduction process, and the results are shown in Table 1.

The interaction of chromates with sodium sulfite in a neutral medium follows the
reaction (5).

2CrO4%~ + 3NayS03 + 5H,0 — 2Cr(OH)3 + 3NaySOy + 40H - (5)

The reaction produces a precipitate of amorphous chromium hydroxide with a gray-
green color.

The quantity of sodium sulfite added to the liquid phase of the catalyst slurry was
chosen based on earlier studies on model solutions. The mass ratio of sodium sulfite to
the mass of the liquid phase of the catalyst slurry ranged from 0.0019 to 0.0060. Based on
the literature data, sodium sulfite was added in excess, two or more times the calculated
stoichiometric value [52,53]. In the practical implementation of the above interaction, it was
found that the excess sodium sulfite remaining after the reaction was hydrolyzed, with a
characteristic odor of sulfur sulfide (SO;). The resulting mother liquor was highly alkaline,
with pH = 11.7-12.5. Already with a recovery time of 30 min or more, the concentration of
chromium ions in the liquid phase was less than 0.005 mg/L, which is less than the limit
that the USEPA set for industrial wastewater discharges [8].

In order to reduce the formation of gas release and alkaline environment reduction,
reactions were carried out with other reagents.

The interaction of hexavalent chromium with iron sulfate in a neutral medium follows
the reaction (6).

CI‘O42_ + 3FeSO,4 + 4H,O — 2FeOHSO4 + CI‘(OH)3 + Fe(OH)3 + K»,SOy4 (6)

Iron (III) hydroxide is a brown precipitate.

During the reduction with iron sulfate, in addition to chromium hydroxide, iron
hydroxide precipitated out, which was an undesirable effect, since these precipitates must
be separated later. Moreover, ferrous sulfate had worse chromium extraction results than
sodium sulfite, so this reducing agent had to be abandoned.
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Sodium thiosulfate showed a negative result when reducing Cr (VI) to Cr (IIT) in a
neutral medium. The concentration of Cr (VI) in the solution in the temperature range of
50-75 °C did not change, so further studies with this reagent were discontinued.

In this series of experiments, it was assumed that reactions (7) and (8) proceed under
these conditions under reduction. The reactions are presented in shrunken ionic form:

@)
)

Since chromate ions predominate in a neutral medium [50,51], the Gibbs energy of re-
action (7) was calculated under standard conditions, as follows: A;G%gg = —613.96 kJ/mol.
This indicates that this reaction is thermodynamically possible and runs spontaneously.

The application of sodium metabisulfite as a reductant of hexavalent chromium from
the liquid phase of catalyst sludge in a neutral medium (pH = 7) leads to the transfer of up
to 100% Cr (VI) to Cr (III), with the precipitation in the form of hydroxide, so this reagent
was chosen for the reduction of chromium in the catalyst sludge pulp. Table 2 shows the
conditions of the liquid-phase reduction process and the results of reduction.

35,0527 3 +4CrO42™ 4+ 7H,O — 65042~ 4 4Cr(OH), | +20H™

35,052 3 + 2Cry072~ + 5H,0 — 650,42~ +3Cr(OH), | + Cr¥t + OH™

Table 2. The conditions of the liquid-phase reduction process and the results.

Ratio of the

Reducing Agent's Cr(VD) Concentration Concentration pH of the pH of the
E . & A8 Name of Process Process of Cr*® in the of Cr*® in the Liquid Liquid
xperiment Mass to the Mass . . Removal Lo Lo
P Reducing Temperature, Time, L . Liquid Phase Liquid Phase Phase Phase
Number of the Liquid Phase N . Efficiency,
Agent C min o before after Recovery, before after
of the Catalyst o Reduction, g/L /L Recover Recover
Slurry, g/g ; & g Yy Yy
Reduction with sodium sulfite (neutral medium)
1 50 20 1.113
2 75 30 98 MeHee 0.005
3 85 100 0
4 50 68 0.390
5 0.0060 75 60 98 MeHee 0.005
6 85 100 0
7 Na;S03 50 78 1.205 0.265 7 11.7-12.5
8 75 120 100 0
9 85 100 0
10 50 7 1.105
11 0.0037 75 60 12 0.64
12 85 46 0.65
13 0.0019 75 10 0.89
Recovery with ferrous sulfate (neutral medium)
14 50 31.10 0.375
15 0.0060 FeSO, 75 60 33.61 1.205 0.405 7 2.5-3.0
16 85 30.29 0.365
Recovery with sodium thiosulfate (neutral medium)
17 50 1.160
18 0.0060 Na;S,05 75 60 No sludge 1.205 1.070 7 8.8
19 85 1.085
Reduction with sodium metabisulphite (neutral medium)
20 50 60 47 0.64
21 85 65 52 0.58
0.0035
22 85 120 55 0.54
NazS,05 1.205 U 7 8.8
23 50 420 57 0.52
24 50 15 0 1.20
0.0070
25 85 60 100 0
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During storage of the reduced liquid phase, we observed that the precipitation of
chromium hydroxide continues with time, and the solution becomes lighter. In this connec-
tion, a series of experiments on the incubation of the liquid phase of the catalyst sludge in
the presence of sodium metabisulfite at 20 °C and with periodic stirring every 12 h was
carried out. The results of the analyses are presented in Table 3.

Table 3. Changes in the parameters of the liquid phase of the catalyst slurry when incubated in the
presence of sodium metabisulfite at 20 °C.

Concentration of Total Chromium in the
Liquid Phase, g/L

1.21
1.10
0.92
0.89
0.86

Duration of Experiment, Days

Gk WN O

Under this condition of the experiment, on the second day, the concentration of the
chromium in the liquid phase of the catalyst sludge dropped by 18%. During reduction, the
sediment, which over time thickened and separated from the liquid phase, also precipitated.
During the next 120 h, the precipitation sludge considerably slowed down.

3.2. Recovery of Hexavalent Chromium in Catalyst Slurry

In this part of the work, studies were conducted on the recovery of hexavalent
chromium from the liquid phase of the catalyst slurry without separating the solid phase.
In the course of this study, the optimum ratio of the reducing agent mass (NayS,0s) to the
slurry mass, g/g = 0.005, was found. The results of the study of the reduction kinetics are
shown in Figure 5.

100

*

95

—— Recovery at 50°C

—m— Recovery at 60°C

75
—i— Recovery at 70°C

70 Recovery at B5°C

65
0 5 10 15 20 25 30 35 40 45 20 55 &0

Percentage of Cr transition from solution
to solid phase, %

Recovery time, min

Figure 5. Kinetics of reduction of hexavalent chromium to trivalent chromium in catalyst slurry (ratio
of reducing agent mass to slurry mass: g/g = 0.005).

Analysis of the mother liquor after pulp filtration showed that the recovery of hex-
avalent chromium from the catalyst slurry was possible at temperatures above 60 °C. At a
temperature of 85 °C and a time of 10 min, the degree of conversion of chromium to the
trivalent state reached 100%, which was more technologically optimal for the reduction
process. The pH of the solution insignificantly increased and was 8.8.

Based on the results of the completed work, the following results can be summarized:
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1.  Sodium thiosulfate (NayS,03) showed a negative result for the reduction of Cr (VI)
to Cr (III) in a neutral medium. The concentration of Cr (VI) in the solution in the
temperature range of 50-85 °C did not change.

2. Iron sulfate (anhydrous) in the reduction of Cr (VI) to Cr (III) in a neutral medium
showed an average result, with an efficiency of about 30%. The reduction process
proceeded without the use of additional precipitators, since the reduced chromium
already precipitated out as Cr(OH)3 in the process of reduction. Moreover, during the
reduction with ferrous sulfate, in addition to chromium hydroxide, iron hydroxide
precipitated out, which was an undesirable effect, since these precipitates must be
separated later.

3. The reduction of Cr (VI) to Cr (III) in a neutral medium in the presence of sodium
sulfite proceeded with 100% efficiency without the use of additional precipitators.
However, during the reduction with sodium sulfite, the solutions acquired a strongly
alkaline environment, which should be neutralized. In addition, this interaction
produced a byproduct in the form of sulfur dioxide, which must be captured and
disposed of.

4. The recovery of the liquid phase of the catalyst sludge with sodium metabisulfite
(Na25;05) completely proceeded without the formation of byproducts, as with the
other reagents previously described. Its effect in a neutral environment led to a
conversion of up to 100% of hexavalent chromium to the trivalent state, with the
formation of a precipitate in the form of chromium hydroxide, without the use of
additional reagents. Therefore, sodium metabisulfite was chosen for the reduction of
hexavalent chromium in the catalyst slurry.

5. The experiments on the conversion of hexavalent chromium to the trivalent state
in the catalyst slurry showed that the reduction process in the presence of sodium
metabisulfite Na;S,Os can be directly carried out without the separation of the solid
and liquid phases. Complete reduction took place at 85 °C after 10 min of interaction
with the reducing agent.

4. Materials and Methods

This study assumed the possibility of using the reaction of effective reduction of Cr
(VI) to Cr (III) by reducing reagents Na;SO3, FeSO4, NayS,03, and NayS,05 not only
from the liquid phase but also from the slurry. After the reduction reactions, the resulting
precipitate was separated by filtration. The mother liquor was analyzed using X-ray
fluorescence spectroscopy and the solid phase using an electron microscope equipped with
an energy-dispersive analyzer.

The stages of the study included:

— separation of the liquid phase of the slurry from the solid phase;

— analysis of the solid and liquid phases before reduction;

— slurry liquid-phase recovery;

— filtration of liquid phase after recovery;

— analysis of liquid phase after recovery;

— selection of the most effective reagent for recovery of the liquid phase (Na;SO3, FeSOy,
Na28203, and Na28205);

—  pulp reduction carried out with the selected reagent;

— determination of the chemical composition of the chromium content in the liquid and
solid phases.

4.1. Separation of the Liquid Phase of the Pulp

Separation from the solid was carried out by filtration with a polyester filter cloth
under a vacuum of 100 kPa. After filtration, the solid phase was washed with distilled
water and dried until all moisture was removed.
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4.2. Analysis of the Obtained Phases

Qualitative and quantitative analyses of the mother liquor after filtration were per-
formed on a Shimadzu EDX-7000 energy dispersive spectrometer [54].

When a sample is irradiated with X-rays, the atoms in the sample emit fluorescent
X-rays. Atoms of each element emit their (characteristic) radiation, which has a wavelength
and energy strictly defined for the element. By recording the spectrum, the qualitative
elemental composition of the sample is determined. By measuring the intensity of radiation
of different wavelengths or energies, a conclusion can be made about the quantitative
content of each element.

The EDX-7000 works based on a thermoelectrically cooled silicon drift detector with
a chromium detection limit of 1 ppm. Quantitative sample analysis was performed by
the calibration curve method. For this purpose, serially diluted standard samples were
analyzed, and a fluorescence intensity vs. chromium content curve was plotted, which was
used to quantify the element in unknown samples.

To determine the content of trivalent chromium in the solution, we used the gravimet-
ric method, which is based on precipitation of trivalent chromium present in the liquid
phase with a concentrated solution of ammonia [52].

Determination of the chemical composition of the solid phase of catalyst sludge was
carried out using X-ray fluorescence analysis. Determination of morphology of solid
phase of catalyst sludge was carried out using scanning electron microscopy and using
microanalysis on a Tescan Vega 3 device with enlarging voltage of 20 kV. X-ray structural
analysis of the solid phase using powder X-ray diffraction on Bruker D2 PHASER and
infrared spectrometry (ALPHA II, Bruker) was also carried out.

Free chromates on the surface of the liquid phase of the catalyst were determined by
boiling the solid phase of the catalyst in distilled water for 15, 30, and 60 min, and then the
resulting solution was analyzed by X-ray fluorescence.

4.3. Recovering the Liquid Phase of the Slurry

The initial ratio of the reducing agent to the liquid phase was chosen based on analysis
of the literature data [53,55], and then our own experiments were conducted with a decrease
and increase in the dosage of the reducing agent. All reduction reactions were performed
in a closed reactor at a stirring speed of 300 rpm. The weight of the samples was 100 g. The
reduction process was carried out in the temperature range of 50-85 °C for 15-60 min and
at room temperature with an interaction time of up to several days. During the reactions,
the solution was discolored and the reduced chromium precipitated as Cr(OH); hydroxide,
which was consistent with the literature data of this study. The dynamics of pH change
before and after the reaction was carried out using a pH meter.

4.4. Phase Analysis after Recovery

The cooled solution was filtered under vacuum at 100 kPa. The liquid phase was
analyzed for residual hexavalent chromium content using X-ray fluorescence spectroscopy
on a Shimadzu device. The chemical composition of the liquid phase was studied on a
Shimadzu spectrometer, and the morphology of the solid phase was studied on a Tescan
Vega 3 electron microscope.

4.5. Conducting Pulp Recovery with the Selected Reagent

The pulp was reconstituted in a closed reactor at 300 rpm agitation. The mass of the
samples was 500 g. The process was carried out in the temperature range of 50-85 °C. A
pulse of 5 mL was taken at regular intervals and filtered. The chemical composition of the
liquid phase was studied on a Shimadzu EDX-7000 spectrometer, and the morphology of
the solid phase was studied on a Tescan Vega 3 electron microscope.
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5. Conclusions

According to the results of this study, we can conclude that the reduction of hexavalent
chromium to trivalent chromium is possible in a neutral environment, rather than in a
strongly acidic environment, as suggested in previously published works. Of all the studied
reagents, sodium metabisulfite showed the most effective reduction of chromium, and it
can be used to precipitate chromium in the form of hydroxide, both from the liquid phase
and as part of the pulp of the catalyst slurry.

The advantage of the hexavalent chromium reduction process in a neutral medium is
the formation of a precipitate without the use of concentrated sulfuric acid and additional
precipitant reagents. Moreover, this method allows for the refusal of equipment designed
for aggressive environments, which significantly reduces the economic costs.
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Abstract: A rational synthetic approach is introduced to enable hydrogen insertion into oxides by
forming a solid solution of a reducible oxide with a less reducible oxide as exemplified with RuO,
and TiO; (Ru_x, a mixture of x% RuO; with (100—x)% TiO,). Hydrogen exposure at 250 °C to Ru_x
(Ru_x_250R) results in substantial hydrogen incorporation accompanied by lattice strain that in
turn induces pronounced activity variations. Here, we demonstrate that hydrogen incorporation in
mixed oxides promotes the oxidation catalysis of propane combustion with Ru_60_250R being the
catalytically most active catalyst.

Keywords: catalyst promotor; mixed oxides; hydrogenated RuyTi;_4O,; propane combustion;
hydrogen-induced variation in the activity

1. Introduction

Strain-induced changes of the catalytic activity of transition metal compounds in
thermal catalysis were predicted by theory [1] and attributed to a shift of the metal d band
center with strain [2], so that strain engineering has been considered a promising way to
tune activity. Strain can be introduced to the catalyst’s material in various ways including
epitaxial film growth [3], doping such as Li insertion [4], alloying—dealloying [5], formation
of core-shell particles [6] and nano-structuring [7]. In fact, strain engineering has turned
out to be an important tool to improve activity in electrocatalysis, most notably for water
electrolysis [8-12]. Quite in contrast, in thermal catalysis strain engineering is less often
encountered [6,7,13,14], due presumably to missing stability of strain-engineered materials
at higher reaction temperatures.

Hydrogenation of the catalyst material might be a convenient way to introduce strain
into the host lattice and thereby tune the activity of a catalyst as long as the catalyst material
is able to incorporate a sufficient amount of hydrogen into the lattice. For instance, Pd-
based catalysts [15,16] were reported to form both absorbed and adsorbed hydrogen that
may play an important role in hydrogenation catalysis. Hydrogen interaction with oxides
is more intricate than with metals [17] since reducible oxides can face stability problems
due to partial or even total reduction up to the metal phase. Exposing hydrogen to oxide
surfaces frequently forms surface hydroxyl groups, but it can also incorporate hydrogen
into the bulk oxide. Hydrogen exposure to CeO, was reported to form of hydride species
H™ in bulk CeO, [18-22], a process that is facilitated by oxygen vacancies. The formation
of hydride species H™ in CeO, may explain its remarkable catalytic performance in the
partial hydrogenation of alkynes to alkenes [23-25].

Recently, we reported that H, exposure at 250 °C to mixed Rug3Tig 7O, is able to
incorporate about 20 mol% hydrogen into the rutile lattice, thereby altering slightly the
lattice parameters [26]. This was considered a remarkable finding since RuQ; is not stable
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under such conditions and transforms readily to metallic Ru, while TiO, is not able to
incorporate hydrogen into the lattice, at least not at 250 °C. Hydrogenation of Rug 3Tig 7O,
was shown to increase substantially the catalytic oxidation activity in the total oxidation of
propane and HCl oxidation reaction.

In the present study, we systematically vary the composition x of the mixed oxide
Ru,Ti; 4O, (Ru_x). For various compositions ranging from x = 0.2 to x = 1.0 in steps of
0.1, we explore the hydrogenation behavior at 250 °C and compare the catalytic activity of
Ru,Ti;_ O, with that of the corresponding hydrogenated catalysts in the total oxidation
of propane. Without hydrogen treatment, Ru_x reveals a strict composition—activity
correlation of activity in that the higher the Ru concentration the higher the activity;
highest activity is achieved with Ru_100. However, when treating Ru_x with hydrogen
at 250 °C for 3 h (Ru_x_250R), the highest activity is encountered for compositions where
both Ru and Ti have similar concentrations. Ru_60_250R turns out to be the most active
propane combustion catalyst exceeding even the activity of Ru_100. The hydrogen-induced
activity variation is tentatively attributed to hydrogen-induced strain in the mixed oxide
RuXTil 7x02-

2. Experimental Results
2.1. Characterization of the Fresh Ruthenium—Titanium Mixed Oxide Samples

Figure 1a summarizes the X-ray diffraction (XRD) patterns of freshly prepared rutheni-
um—titanium mixed oxide catalysts Ru_x with different nominal Ru concentrations, x; the
diffraction pattern of pure commercial rutile-TiO; is overlaid for comparison reasons. The
XRD pattern of Ru_100 contains reflections from both a rutile structure and metallic Ru
(hcp structure). With the addition of titanium to RuO;, the rutile structure is preserved, and
the (110) and the (101) reflections continuously shift towards the reflection of pure rutile
TiO,. Above a Ti concentration of 20 mol% no reflections from metallic Ru are discernible.
In addition, the rutile related diffraction peaks split into two components with increasing
Ti concentration.

-
N’

Rutilg (I 10)

Rutile (101) * LaB, b) Rutile (110)

Rutile (101)

r-Ti0O, 250R

Ru_20_250R

Ru_30_250R

Normalized intensity (a.u.)

‘\.._Ru_40_250R
\.__Ru_50_250R

| ~"\.__Ru_60_250R

|~ Ru_70 250R
P 5
e 2,50 2508

Intensity (a.u.)

Ru 90 250R
Ru_100_250R
25 30 35 40 45 25 30 35 40 45
2 Theta (°) 2 Theta (°)

Figure 1. (a) X-ray diffraction (XRD) patterns of the ruthenium—titanium mixed oxide catalysts Ru_x;
the composition x of Ru ranges from 20 mol% to 100 mol%. Dashed lines indicate the position of pure
rutile-TiO; and RuOs. (b) XRD patterns of Ru_x_250R catalysts treated in 4 vol% H, /Ny at 250 °C
for various compositions x ranging from 20% to 100%.

The sharp reflections at 28.02° from rutile (110) and 35.07° from rutile (101) do not
vary with the Ti concentration and therefore are assigned to the pure RuO; phase. The
position of the broader component in XRD shifts continuously towards rutile TiO, and
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is hence ascribed to solid solution RuyTi;_4O;. The coexistence of pure RuO, and mixed
Ru,Ti;_4O, in a wide range of compositions evidences a miscibility gap consistent with
previous findings based on a similar polymer-assisted preparation method [27] and in
agreement with a recent DFT study [28].

In Figure S1, we present the peak deconvolution of the rutile (110) reflection and that
of the (101) reflection. For high Ru-content samples like Ru_90, Ru_80 and Ru_70, the
(110)/(101) peaks are found to be asymmetric, which clearly points toward a phase separa-
tion. For low Ru-content samples this phase separation is pronounced, with two separated
reflections corresponding to the RuO; phase and RuyTi;_xO; oxide phase, respectively.
Therefore, we assume that a pure RuO; phase exists in the full composition range of Ru-Ti
mixed oxides. In the decomposition of the diffraction patterns, we fix the peak position of
pure RuO; and assume that the mixed RuyTi;_4O, oxide phase crystallizes in the rutile
structure. As a main result of the decomposition, the peak position of Ru-Ti solid solution
turns out to linearly shift to lower angles with the increasing Ti concentration (cf. Figure S2),
in accordance with Vegard’s law [29]. The deconvolution analysis in the present study
emphasizes that the prepared samples are not phase pure but facing a miscibility gap.

Together with the analysis of the rutile (101) reflection, we can derive the unit cell
parameters a/b and c of the mixed oxide RuyTi;_xO; as a function of the composition x that
are summarized in Figure 2. The linear shift in 4/b and ¢ with the nominal composition
indicates the fulfillment of Vegard’s law, thus corroborating the formation of a solid solution
RuyTi; _xO; with nominal composition x. Besides, the calculated unit cell volumes for the
Ru_x samples (cf. Figure S3) do not vary significantly with the nominal composition x. Note
that phase separation becomes more severe for the Ru_20 sample with its solid solution
phase starting to deviate from Vegard’s law.

4600, 4

= -, © P =
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Figure 2. Lattice parameters of rutile Ti;_4RuyO, solid solution as a function of the nominal compo-
sition x given in mol%, as derived from the peak deconvolution of rutile (110) and rutile (101).

As seen from Figure S1, the FWHM of the RuO, peak decreases, while that of the mixed
oxide increases with Ti concentration. Utilizing the Scherrer equation, this observation
translates to an increase of the crystallite size of RuO,, while that of the mixed oxide
decreases with increasing Ti concentration (until 50% Ti) (cf. Table 1). In order to consider
also the micro-strain in the calculation of the crystallite size, we use the Williamson—Hall
method [30], whose results are summarized in Figure 54 and Table S1; the Williamson—Hall
plots of RuO; and the Ru-Ti solid solution phase are exemplified for the Ru_60 sample
shown in Figure S5. Since the micro-strain values Ae (<0.004) of the powder materials are
relatively low compared to those described in the literature [31], the values derived from
the Scherrer equation are practically not affected by the micro-strain.
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Table 1. XRD derived data of Ru-Ti mixed oxide catalysts.

Catalvsts Cell Parameter a/b Cell Parameter ¢ Grain Size (RuQO,) Grain Size Ru-Ti/(RuO, +
y (nm) * (nm) b (nm) ¢ (Ru-Ti) (nm) ¢ Ru-Ti) (%) ¢

Ru_100 4.500 3.107 18+ 0.5 - 0

Ru_90 4.509 3.094 271 25+2 81.2
Ru_80 4519 3.082 32+0.5 15+ 03 89.9
Ru_70 4.528 3.068 33+1 12+£0.2 90.9
Ru_60 4.538 3.053 36+ 1 10+ 05 93.7
Ru_50 4.548 3.035 46 +£ 8 9405 96.4
Ru_40 4.558 3.022 45+ 6 10£0.5 88.8
Ru_30 4572 3.006 43+5 1242 81.9
Ru_20 4.591 2.977 28+ 6 16 +1 925

a: Calculated by rutile (110) reflection of the Ru-Ti solid solution phase. b: Calculated based on obtained a/b
value and rutile (101)/(101) reflections of the Ru-Ti solid solution phase. c: Determined by Scherrer equation from
the (110)/(101) reflections of the RuO, phase after peak deconvolution. d: Determined by peak deconvolution of
the (110)/(101) reflections.

From XRD we gain the following structural information of the Ru-Ti mixed oxides:
RuO; nanoparticles and Ru-Ti solid solutions co-exist throughout the entire composition
range, while metallic ruthenium is eliminated when more than 20 mol% titanium is incor-
porated. The Ru-Ti solid solutions fulfill Vegard’s law, thus evidencing that ruthenium and
titanium form a solid solution despite phase separation.

While XRD is a bulk characterization method, X-ray photoelectron spectroscopy
(XPS) can determine the surface/near-surface compositions of Ru_x catalysts with varying
nominal x values (as presented in Figure S6, fitting parameters are compiled in Table S2).
From the Ru 3d XP spectra, Ti-rich samples (Ru_40, Ru_30 and Ru_20) show a weak peak at
~288.0 eV whose origin may be attributed to the formed carbonates (O=C=0) from exposure
to air or from residual carbon of preparation. It is evident that ruthenium is in the Ru**
oxidation state in each sample Ru_x; this assignment is corroborated by the pronounced
satellite features [32]. No metallic ruthenium is detected on the catalyst surface, proving
that the metallic ruthenium species (see in Figure 1a) is encapsulated by the oxide. Buried
metallic ruthenium is not expected to participate in the catalytic reaction.

Additionally, the binding energies of Ru3ds,, and Ru3dj3/, do not vary with the
composition, while, surprisingly, the Ru satellite features monotonically shift to lower
binding energies with lower ruthenium concentration (see in Figure 3), from 282.69 eV for
Ru_100 to 282.34 eV for Ru_30. As the satellite feature is attributed to surface plasmon
excitation [33], this shift is correlated to a reduced valence electron density in Ru,Ti;_4O;.

465.4
a) Ru 3d 5/2 sat b) Ru 3p 3/2 sat

282.7 -

| 46524 "
% 282.61 P A
z o z; 465.0 ®
g g
£ 282.5- @ B (]
% : o 464.8- »'
= @ £ - ®
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= 282.4- ; -
=2 @ & 464.6 ,. @
P o
282.3T : 464.4 <I> -
20 40 60 80 100 20 40 60 80 100

mol% Ruthenium in Ru-Ti mixed oxide (%)

mol% Ruthenium in Ru-Ti mixed oxide (%)

Figure 3. Shift of binding energies of (a) Ru 3d satellite features. (b) Ru 3p satellite features derived
from peak deconvolution of XPS data when varying the composition x of Ru_x.

205



Inorganics 2023, 11, 330

50f16

The O 1s spectrum in Figure S7 depicts two chemical states of near surface oxygen:
one is the O?~ from the lattice oxygen at ~529 eV, and the other, a shoulder peak at higher
binding energy (around 531.8 eV), which is ascribed to the surface OH groups/oxygenated
carbon [34]. The integral ratio of OH to the entire surface oxygen is continuously decreasing
on lowering the ruthenium concentration, from 39.30% (for Ru_100) to 2.50% (for Ru_50),
thus indicating that the incorporation of titanium reduces greatly the amount of surface
OH on the catalyst surface.

Since the Ru 3p and Ti 2p XPS features are in the same binding energy region, the
surface composition of ruthenium and titanium can be quantified by peak deconvolution.
As presented in Table S2 and Figure S8, the Ru 3p region also exhibits satellite features,
which behave identically to those in the Ru 3d region; the shifts to lower binding energy
further evidence that doping of titanium leads to lower electron density. As compiled in
Table 2, the actual surface concentrations deviate quite substantially above a nominal Ru
concentration of 60%, while below 50 mol% Ru the surface composition agrees well with
the nominal composition.

Table 2. Compositional information from the surface and bulk region of ruthenium—titanium mixed
oxide catalysts.

Catalysts SgeT (m2/g) Ru/(Ti + Rw)(mol%) *  Ru/(Ti + Ru)(mol%) ¥ égﬁlo;)(/)éylie;‘;::ldb
Ru_100 9 100 100 39.90
Ru_90 6 89.3 70.65 14.67
Ru_80 10 78.8 59.81 5.42
Ru_70 14 68.1 60.53 485
Ru_60 19 56.7 544 442
Ru_50 26 46.8 47.74 2.50
Ru_40 ) 40.9 37.96 169
Ru_30 31 30.0 29.08 3.38
Ru_20 34 17.4 17.61 411

Ru_60_250R 19 56.2 52.12 443

a: Calculated from SEM-EDS mapping. b: Calculated from XPS.

From these XPS results one may ask whether this deviation of the surface composition
from the nominal ones originates from an insufficient control of the composition during
synthesis. In order to settle this question, we applied dispersive X-ray spectroscopy (EDS)-
scanning electron microscopy (SEM) to gain compositional information of all samples.
Since the detection depth from EDS reaches several micrometers, we can consider it as a
bulk characterization method. The average composition quantified by EDS summarized
in Table 2 indicates that, in the full range (20 < x < 100), our synthesized catalysts agree
well with the nominal compositions x, thus excluding the possibilities that the deviation of
surface concentration is caused by uncertainties in the synthesis procedure.

Besides, with SEM and TEM we also investigate the morphologies of our catalysts.
The Ru_100, SEM images in Figure S9 reveal a dense and rough surface with additional
macropores, round small particles agglomerate like a sponge. The particle size gradually
becomes smaller with increasing titanium concentration until 1 — x = 50%. This is in
agreement with the crystallite size derived from XRD data, indicating that a proper amount
of titanium will efficiently decrease the crystallite size of Ru-Ti mixed oxides. Moreover,
TEM micrographs confirm that the particle size of mixed oxides decreases with the ad-
dition of titanium. Table 2 summarizes also the Krypton physisorption experiments of
all as-prepared samples. The Brunauer—Emmett—Teller (BET) surface area varies quite
substantially, changing from 9 m?/g (for Ru_100) to 34 m?/g (for Ru_20).

2.2. Hydrogen-Induced Changes of Ruthenium—Titanium Mixed Oxides

We focus on the hydrogen-induced change of the Ru_x samples. The hydrogen
treatment consists of an exposure of 4% Hj /N, for 3 h at 250 °C. The specific reduction
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temperature of 250 °C has been shown to result in a large hydrogen uptake for the case
of Ru_30 [26]. As shown in Figure 1b, Ru_00, e.g., pure rutile-TiO;, is not affected by this
hydrogen treatment, while Ru_100 is fully transformed to metallic Ru phase, consistent
with our previous study [26].

The diffraction peak of RuO, at 20 = 28.02° disappears in Figure 1b when exposed
to 4% H; /N at 250 °C, while the intensity of Ru metal-related diffraction increases. As
expected, the metallic Ru diffraction intensity is higher the higher is the Ru content x of
Ru_x. This means that the RuO, particles are easily reduced to metallic ruthenium at a
temperature of 250 °C, consistent with previously published studies [35,36].

Quite in contrast, the rutile diffraction peaks of the mixed oxide phases (110) and (101)
persist and shift only in position to the lower and higher angles, respectively, upon exposure
to 4% Hy /Ny at 250 °C. The degree of peak shift depends on the Ru concentration. Close to
50 mol% Ru, the observed shift is the highest. Actually, the shifted diffraction peak of rutile
consists of two components, most likely evidencing different hydrogen concentrations in
the mixed oxide crystallites. The bulk composition of Ru_x (cf. Table 2) does not change
when exposed to H, at 250 °C (Ru_x_250R). As discussed recently [26], these shifts of
the reflections are caused by the incorporation of hydrogen and not by reduction of the
metal ions.

The Ru_x_250R samples are subsequently subject to a mild re-oxidation treatment
that is conducted at 300 °C and the XRD patterns are presented in Figure S10a, and the
changes of macrostrain (position) and micro-strain (FWHM) among the initial, reduced
and re-oxidized samples as exemplified by Ru_20, Ru_40, Ru_60 and Ru_80 are compiled
in Figure S10b. The rutile structure of Ru_x is restored after re-oxidation treatment, while
most but not all of the metallic Ru transforms back to RuO,. For the case of Ru_30_250R, it
was shown that full recovery of Ru_30 requires oxidation temperatures of 400 °C [26].

With thermogravimetric-mass spectrometry (TG-MS) the amount of incorporated
hydrogen can be quantified by the integrated water signal that is produced by reacting
incorporated hydrogen with oxygen during heating of the sample in ambient air. We
exemplify this experiment with Ru_60_250R since the catalytic activity of this sample
is thoroughly tested. A nitrogen-treated Ru_60_250N sample serves as reference. As
summarized in Figure 4, a small mass signal for HO (m/z = 18) is evident at 80 °C
for Ru_60_250N, while, for Ru_60_250R, a broad and strong water signal appears. This
water peak of Ru_60_250R contains actually two components, one is associated with water
desorption (90 °C) and the other is related to the oxidation of incorporated hydrogen
(maximum at 160 °C). Employing a deconvolution procedure, as indicated in Figure 4, the
molar fraction of inserted hydrogen is determined to be 35 mol% based on the integrated
water difference area of Ru_60_250R and Ru_60_250N. Recently, the molar fraction of
inserted hydrogen for Ru_30_250R was found to be 18 mol% [26]. Another hydrogenation
experiment for Ru_40_250R (reference Ru_40_250N) is shown in Figure S11 and yields
23 mol% of inserted hydrogen in Ru_40_250R. Given that Ru_100 and pure TiO, rutile
cannot incorporate any hydrogen, the obtained amount of incorporated hydrogen among
different Ru_x_250R catalysts (Figure S12) reveals a “volcano” type of the H-fraction with
the increase of the Ru concentration in the Ru-Ti mixed oxides. The maximum amount of
incorporated hydrogen is encountered at the Ru concentration of 60%.

Figure 5 compares the Ru3d XP spectrum of Ru_60 with those of the hydrogen-treated
Ru_60_250R sample and the re-oxidized one, Ru_60_250R_3000. Three Ru components,
namely metallic Ru, Ru**, and the satellite of Ru** and two carbon species are considered
to fit the spectra. The Ru_60 sample reveals only the Ru** component (red) together with
the corresponding satellite feature (blue), consistent with the corresponding XRD (pattern
Figure 1a) that is composed only of diffraction peaks of the mixed oxide Rug¢Tip407
and pure RuO,. Upon hydrogen exposure at 250 °C, a strong metallic Ru peak becomes
apparent in the Ru 3d spectrum. The metallic Ru component comes from the reduction
of RuO; towards metallic Ru, as indicated by XRD, while the Ru** component originates
from Ru in Ruyg ¢Tip 4O0;. Upon re-oxidation of Ru_60_250R at 300 °C (Ru_60_250R_3000),
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most of metallic component transforms back to Ru**. We conclude from these experiments
that the Ru** oxidation state Rug ¢Tip 405 is preserved, regardless of the applied treatment
(hydrogenation, re-oxidation).
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Figure 4. Peak deconvolution of H,O signal (m/z = 18) of Ru_60_250R and Ru_60_250N from TG-MS
analysis.
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Figure 5. XP spectra of Ru_60 (a) in comparison with hydrogen treated sample at 250 °C.
(b) Ru_60_250R and re-oxidized sample at 300 °C. (c) Ru_60_250R_3000. Using the CasaXPS software,
the Ru3d spectra are decomposed into five components: Ru** (red), satellite Ru** (blue), metallic Ru
(green) and two Cls species.

Hydrogen reduction of Ru from Rug ¢Tip 40, can, however, be excluded for the follow-
ing reasons. The reduction treatment at 250 °C preserves the rutile structure, albeit with
low intensity (cf. Figure 6). Upon re-oxidation at 450 °C (Ru_60_250R_4500), however, the
rutile diffraction peaks of Ru_60 are practically restored. In particular, rutile diffraction
peaks shift back to those positions of Ru_60 (with identical intensity), thus evidencing that
the mol% of Ru in the mixed rutile structure has been preserved (Vegard’s law).

From HRTEM and element mapping (cf. Figure S13), it is evident that Ru_60 and
Ru_60_250R consist mainly of mixed RuxTi;_xO, oxide whose composition has not changed.
For Ru_60 larger RuO, particles are discernible.

In addition to the Ru 3d spectra (cf. Figure 5), Ti 2p XP spectra are compiled in
Figure S14 for Ru_60, the hydrogen treated Ru_60_250R sample and the re-oxidized one,
Ru_60_250R_3000. All Ti 2p spectra show only Ti**, and there is no indication of Ti®*. The
overall near-surface composition of Ru_60_250R is collected in Table 2. Corresponding
Ols spectra in Figure S15 exhibit two components, one related to O>~ and the other
assigned to OH/carbonate species. The OH/carbonate feature does not vary when Ru_60
is exposed to hydrogen or is re-oxidized, suggesting that incorporated H does not change
the concentration of OH species or carbonate species.
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Figure 6. XRD patterns of Ru_60_250R mildly re-oxidized at various temperatures in air. For
comparison, Ru_60 and Ru_60_250R are also included.

From all these experiments we infer that the reduction process results in the incorpo-
ration of hydrogen within in the mixed oxide and both Ru and Ti in the mixed Ru-Ti oxide
phase remain in the 4+ oxidation state.

2.3. Catalytic Tests: Propane Combustion

In the following, we conducted catalytic tests of Ru_x and Ru_x_250R for the total
oxidation of propane, serving here as a model reaction. The full set of light-off curves is
presented in the ESI (cf. Figure S16a,b). Except for Ru_100, the hydrogenated Ru_x_250R
sample is more active than Ru_x. The temperature differences for Ty is collected in Figure
S16c (Tgg is the temperature where 90% conversion is realized). From these conversion
data, one can recognize that the Ru_x with x close to 60% exhibits highest activity after
hydrogenation, that is even higher than that of Ru_100.

In Figure 7 we exemplify light-off curves for propane combustion of Ru_60, Ru100
and Ru_20 before and after hydrogenation. Ru_100 reveals the highest activity among the
non-hydrogenated samples with Tgy = 182 °C. Upon hydrogenation, the light-off curve of
Ru_100_250R shifts to higher temperatures (Tgg = 194 °C). Ru_20 is significantly less active
than Ru_100; Tgy = 231 °C; upon hydrogenation, Tgy decreases to 211 °C for Ru_20_250R.
Ru_60 reaches 90% conversion at 203 °C, while 90% conversion is achieved at 168 °C for
Ru_60_250R, i.e., 35 °C lower than for Ru_20 and even 14 °C lower than that for Ru_100.

Since the inserted H in RuyTi;_xO; is a labile species that leaves the sample already
at about 100 °C by water formation under ambient atmosphere [26], we performed an
additional experiment, where the Ru_60 sample is in situ hydrogenated at 250 °C in the
reactor; this procedure allows us to keep the hydrogenation level high in the mixed oxide
sample Ru_60. For the catalytic test of propane oxidation, we choose a reaction temperature
of 150 °C to avoid full conversion (cf. Figure 8).

Figure 8 indicates that the activity of Ru_60_250R at 150 °C in the first cycle is quite

high with a STY value of 5.2 mol(co,) ~kg(_C1at) h~!, and it declines in the second cycle to
-1

2.4 mol(co,) ~kg(cat) h~! likely due to the removal of incorporated hydrogen [26]. Conduct-
ing an in situ hydrogen treatment at 250 °C of Ru_60_250R leads to a re-activation of the
catalyst with a steady state STY of 6.1 molco,) okg(_clat) h™! that is even higher than the
initial activity during the first cycle. Hydrogen exposure at higher temperature will lead to
lower activity of the Ru_60_400R sample (STY = 3.1 mol(co,) -kg(_clat) h™Y) (cf. Figure S17).
After in situ hydrogen treatment at 150 °C, Ru_60_400R is reactivated with a higher STY
value of 4.7 mol(co,) 'kg(_Clat) ‘h~!, that is lower than that of Ru_60_250R (cf. Figure 517).
Altogether, hydrogen treatment at 250 °C seems to optimize the promotional effect of
hydrogen in the total oxidation of propane.
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Figure 7. Selection of full conversion curves of catalytic propane combustion over Ru_x and
Ru_x_250R (x = 100%, 60% and 20%) as a function of reaction temperature, when cycling the reaction
temperature from 30 °C to 250 °C. The full set of conversion curves can be found in Figure S16.
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Figure 8. STY as a function of reaction time on catalytic propane oxidation over Ru_60_250R when
cycling the reaction temperature from 30 °C to 150 °C (blue dotted line). The gray background
represents total C3Hg oxidation conditions: 1 vol% C3Hg, 5 vol% O,, balanced by Nj; total volume
flow: 100 sccm/min, temperature ramp: 1 K/min. The green background represents the gas mixture
during heating and cooling stage: 4% Hj,/Ar, total volume flow: 50 sccm/min. When reaching
150 °C, the gas composition is switched to the reaction mixture (gray background).

3. Discussion
3.1. Formation of Ru_x and Ru_x_250R

A mixed ruthenium-titanium oxide material with nominal varying concentration x
of Ru (Ru_x) is successfully prepared by a conventional sol-gel method. Below x = 70%,
Ru_x consists of pure RuO, and a mixed oxide RuxTi;_4O;. For higher concentration of Ru,
in addition, a metallic Ru is formed. The metallic Ru phase is caused by the preparation
method. For sol-gel synthesis, O, cannot penetrate into the polymer network when metal
cations nucleate during the calcination stage, thus causing a net reducing environment for
the growing particle where the metal cations Ru®* is reduced to Ru” [34]. From EDS-SEM
and XPS, the bulk and surface compositions for x < 50% are similar and close to the nominal
composition of Ru_x, while for x > 50%, the surface composition of Ru is significantly lower

than the bulk concentration.
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For Ru_x we see a clear linear correlation of the lattice parameters of RuyTi; 4O, with
the composition x of ruthenium. The cell parameters a/b of RuO; are smaller than those of
TiO, while the c value of RuQ; is larger than that of TiO,, therefore for a mixed oxide, a/b
and c cell parameters of the Ru-Ti phase indicate an “anti-symbatic” behavior (Figure 2).
In addition, there is a clear linear correlation of the binding energy of the satellite peak in
Ru3d with the composition x of ruthenium. (cf. Figure 3) With increasing Ru concentration,
the energy of the surface plasmon increases, consistent with the surface plasmon energy
being expected to increase in energy with increasing electron density [33].

From XPS, we conclude that both Ti and Ru in Ru_x for x < 70% are in the 4+ oxidation
state independent of the composition x. Metallic Ru, if present, is buried, as evidenced by
XPS, and does therefore not participate in the catalytic reaction.

Hydrogen exposure to Ru_x at 250 °C (Ru_x_250R) leads to hydrogen incorporation
in Ru_x for Ru concentration x = 20% up to 80%. (cf. Figure 1) The extremes Ru_00 (e.g.,
pure rutile-TiO;) and Ru_100 are not able to incorporate hydrogen: TiO; is not affected
at all by hydrogenation at 250 °C, as reduction to Magneli phases requires much higher
temperatures [37,38]. Ru_100 is completely transformed to metallic Ru, and with increasing
Ru concentration, more metallic Ru is formed upon hydrogen exposure at 250 °C. However,
18, 23 and 35mol% of hydrogen are inserted in Ru_30_250R [26], Ru_40_250R, (Figure S11)
and R_60_250R, (Figure 4), respectively. From Ru 3d XPS data, there is no indication of an
oxidation state of ruthenium other than Ru’ and Ru**. The rutile structure of mixed oxide
RuyTi; - O; is maintained upon H, exposure at 250 °C, suggesting that the Ru** can be
preserved in rutile structure when mixed with less reducible TiO,. Therefore, the peak shifts
in XRD (Figure 1b) after reduction treatment are caused by the incorporation of hydrogen
in the rutile structure and not by the reduction of the metal ions, which is consistent with
literature [26]. The only change observed for mixed RuyTi;_xO; is a hydrogen-induced
shift in the lattice parameters (cf. Figure 2), i.e., the introduction of hydrogen-induced strain
into the mixed oxide lattice. Hydrogen absorption in mixed oxide RuyTi;_4O manifests
therefore a synergy effect in that Ru enables the activation of H, while Ti stabilizes Ru**
against reduction to metallic Ru.

The possible types of inserted hydrogen could be proton, neutral H or hydride H™
species. Based on the XPS data, there are no changes in the oxidation states of Ru** and
Ti** in the rutile phase (as shown in Figure 5 and Figures S14 and S15). Moreover, from the
O 1s spectrum, there is no obvious increase of the OH-related signals, so that we exclude
the existence of protons and neutral H in the mixed oxide lattice. Instead, we favor that the
incorporated hydrogen is a hydride species H~, which is reconciled with the energetic shift
of the Ru satellite peak in the Ru3d spectrum and that is correlated with a reduced electron
density for exciting the surface plasmon. Obviously, some of the delocalized electrons are
localized at H?.

Ru_60 can almost be recovered from Ru_60_250R by mild re-oxidation at 450 °C.
Re-oxidation at 100 °C starts to remove H-induced changes in strain, both macro- and
micro-strain, as reflected by changes in diffraction peak position and FWHM. This behavior
was also observed in a previous study of Ru_30, and it was traced to the removal of
absorbed hydrogen via water formation [26].

3.2. Improved Oxidation Catalysis of Ru_x_250R in Comparison to Ru_x

The light-off curves of Ru_x and hydrogen inserted Ru_x catalysts are measured for
the total oxidation of propane (cf. Figure 7 and Figure 516). These experiments provide
compelling evidence that H insertion is beneficial for the oxidation catalysis of propane,
with the optimum catalyst being identified with Ru_60_250R. For Ru_100, hydrogenation
at 250 °C leads to lower propane combustion activity.

Hydrogen exposure at 250 °C produces a labile hydrogen species in the mixed oxide
lattice that can readily be removed by increasing the temperature in the ambient atmosphere
(cf. Figure 6). Already a mild re-oxidation at 100 °C restores part of the hydrogen-induced
strain in the mixed oxide. From activity experiments in Figure 8, we can conclude that
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hydrogen is lost during temperature ramping in the first cycle, although the catalyst runs
stably at the final reaction temperature of 150 °C. In order to stabilize inserted H during
reaction, the surface needs to be continuously supplied by hydrogen from propane activa-
tion. Propane dissociation is activated and needs a temperature of at least 100 °C [39,40].
Therefore, during the heating and cooling ramp in the temperature window of 50-100 °C,
the catalyst is exposed to a reaction mixture that is not able to supply the surface with
hydrogen. The temperature range of 50-100 °C is, however, high enough to consume
inserted hydrogen by water formation due to oxygen in the feed. From this discussion, it is
clear that higher activities are expected when the Ru_60_250R catalyst is in situ hydrogen-
treated in the reactor during temperature ramping. The activity of propane oxidation (cf.
Figure 8) is indeed significantly higher and stable when the catalyst is heated under a
hydrogen atmosphere first to the specific reaction temperature and then the gas atmosphere
is switched to the actual reaction mixtures. Propane decomposition at high temperature can
supply the catalyst surface constantly with hydrogen. Therefore, dissolved hydrogen does
not experience a driving force to diffuse towards the surface, thus stabilizing the inserted
hydrogen in the lattice of the mixed oxide.

We can safely assume that inserted hydrogen does not take place in the catalytic cycle,
since we focus here only on the catalytic propane oxidation reaction. The incorporated
hydrogen stabilized by the presence of hydrogen at the surface is, however, the key factor
to promote the oxidation catalysis. We expect, however, that for catalytic hydrogenation
reaction, the beneficial effect of inserted H may be even more pronounced since inserted
hydrogen is able participate in the catalytic cycle.

Hydrogen incorporation is accompanied by the development of macro- and micro-
strain of Ru_x, as evidenced by the shift and broadening of the rutile diffraction maxima
in the powder XRD (cf. Figure 1), while, after mild re-oxidation at 300 °C, the macro- and
micro-strain of Ru_x_250R is largely removed, as reflected by the recovery of the peak
position and FWHM (cf. Figure S10). Whether H insertion itself or the induced changes of
lattice parameters leads to electronic modifications cannot be disentangled at this point and
needs to be scrutinized by future ab initio studies. In any case, the electronic structure is
affected by H insertion, as corroborated in the observed binding energy shift of the satellite
feature in Ru3d (cf. Figure 3). The increased activity can therefore be related to the altered
electronic structure of RuyTi;_4O,. A direct correlation of strain with activity is, however,
not evident for Ru_x_250R and needs further studies.

4. Materials and Methods
4.1. Materials

Ruthenium (III) trichloride hydrate (RuCls-xH,O, Ruthenium content: 40.00-49.00%,
ReagentPlus®), anhydrous citric acid (CcHgO7, >99.5%), ammonia solution (NH,OH, 25%)
and titanium butoxide (C16H3604Ti, 97%) are purchased from Sigma-Aldrich (St. Louis,
MO, USA) and used without further purification.

4.2. Catalysts Preparation

Ru-Ti mixed oxide materials with varying compositions are prepared by a conven-
tional citric acid assisted sol-gel method (cf. Figure 9) and are denoted as Ru_x, where x
represents the nominal molar percentage of ruthenium varying from 20% to 100%. For the
procedural synthesis of Ru_60: 0.024 mol citric acid (anhydrous) is dissolved into 50 mL
deionized water, and the solution is stirred and kept at 60 °C. Then, 5 mL anhydrous
ethanol containing 0.8 mmol titanium butoxide is quickly injected into the citric acid solu-
tion. After thorough mixing, 0.0012 mol RuCls-xH,O is added to the solution and stirred
for another 30 min at 60 °C. The full complexation of the ruthenium and titanium cations is
accomplished by slowly heating the mixture to 80 °C, afterwards, the aqueous ammonia
solution of 2 mol/L is added dropwise to adjust the pH of the solution to ~6. Finally, the
dark brown but transparent solution is evaporated at 90 °C and the obtained dark green
gel is dried at 120 °C for 12 h. Subsequently, the dark foamy material is carefully ground
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before calcination at 450 °C for 4 h in static air at 2 °C/min, and the product is ground
again for further catalytic tests and characterizations. Note that, contrary to the commonly
used version of the Pechini method, here, no glycol is added. The preparation of the other
Ru_x catalysts follows the same procedure but adjusting the molar ratio of the ruthenium
and titanium precursors.
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Figure 9. Illustration of the citric acid assisted sol-gel method to prepare mixed oxides of RuO, and
TiO, with varying concentration x of Ru: Ru_x.

Hydrogen insertion experiments are performed as follows: 50 mg of fresh Ru_x
powder material is treated at various temperatures under 4 vol% Hj /N, for 3 h, the total
flow rate being set to 50 sccm/min. After hydrogen treatment, the catalyst is cooled down
to room temperature under the same atmosphere. The obtained catalyst is referred to as
Ru_x_yR, where x represents the nominal molar percentage of ruthenium, y represents the
reduction temperature. The re-oxidation experiment follows the same procedure while the
gas atmosphere is changed to dry air. The catalyst is now denoted as Ru_x_yR_zO, where
z stands for the re-oxidation temperature. For comparison, a blank experiment is also
conducted by calcining the Ru_x under pure N; and the catalyst is referred to as Ru_x_yN.

4.3. Catalysts Characterization

Powder XRD patterns are recorded on a Panalytical Empyrean diffractometer (Malvern,
UK) equipped with a Cu K« radiation (40 kV, 40 mA). The correction of the 26 shift that
may originate from different positions of the sample holder is assisted by mixing LaBg
standard powder (NIST) with all the catalysts before measurement. The Scherrer equation
is applied to calculate the crystallite size.

Kr physisorption experiments are performed at T =77 K with an Autosorb 6 instrument
(Quantachrome, Ostfildern, Germany), all the catalysts are pre-treated in vacuum for 12 h at
100 °C. The specific surface area is calculated by the BET method. Note that we deliberately
used Kr, instead of nitrogen or argon, because the materials we anticipated to exhibit small
surface areas, and Kr has a higher sensitivity in this respect.

Scanning transmission electron microscopy (STEM) micrographs are recorded on a
ThermoFisher Talos F200X electron microscope (Waltham, MA, USA). SEM images are
obtained on a Gemini SEM 560 instrument (Carl Zeiss Microlmaging GmbH, Gottingen,
Germany). The average composition of the catalyst is quantified by energy dispersive X-ray
spectroscopy (EDS).

XPS spectra are acquired on a PHI VersaProbe II instrument (Feldkirchen, Germany)
equipped with a monochromatized Al-K« line, the photon energy is 1486.6 eV. XPS spec-
trum data analysis is performed by using a CasaXPS software (Version 2.3.17), and the
standard Carbon 1s (at 284.8 eV) is used to re-determine all the binding energy. After
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calcination, the Ru_x samples do not show any residual chlorine in the XP overview
spectra.

A TG-MS experiment is conducted on a STA 409PC thermoscale (Netzsch, Selb, Ger-
many) analyzer coupled with a QMG421 quadrupole mass spectrometer (MS) from Balzers
(Balzers, Liechtenstein) with an ionization energy of 70 eV. The catalyst is heated under
dry air (30 sccm/min) from 25 to 500 °C, while the heating rate is 10 °C/min. The de-
tailed procedure for calculating the amount of inserted hydrogen is as follows: dry air is
applied (30 mL/min) during the TG-MS experiment. Since the flow rate/MS signal of N,
is constant in air (78.1%), we can use the concentration of N, as reference to obtain the
flow rate of H,O (gaseous) by dividing the MS signal of HyO by Nj. After having the ratio
of HyO/Nj, the total HyO volume is determined by integration, from which the molar
amount of produced HyO and hence the molar amount of inserted hydrogen are derived;
note the sample storage conditions of Ru_x_250R and Ru_x_250N are identical to guarantee
accurate data processing.

4.4. Catalytic Tests

The catalytic performance of propane oxidation on the mixed Ru-Ti oxide catalysts is
evaluated in a home-made quartz reactor (inner diameter = 6 mm). The feed gas contains
1 vol.% C3Hg (purity: 3.5), 5 vol.% O, (purity: 4.8) and 94 vol.% N, (purity: 4.8) and is ad-
mitted to reactor with a total mass flow rate of 100 cm3 STP min~! (sccm). During catalytic
measurement, the temperature of a mixture consisting of 20 mg of catalyst and 40 mg of
quartz sand is programmed from 25 °C to 250 °C with a heating rate of 1 °C/min. The
corresponding weight hourly space velocity is 345000 mL-g~!-h~!. For product analysis,
a nondispersive infrared sensor is coupled downstream to detect the volumetric concen-
tration of CO/CO, and C3Hg. The conversion of propane (%) is determined based on the
following equation:

¢(CO,)

X =27 % 100% 1
C3Hg cmax (CO5) x 100% (1)

where ¢(CO5) is the real-time concentration of CO; in the outlet gas and cmax(CO») is the
steady-state concentration of CO, when full conversion is achieved. Propane conversion
calculated by the change of the propane concentration is simultaneously conducted to
countercheck data accuracy. During the whole temperature range, there is no CO detected
and the concentration of CO, at full conversion state is virtually three times the inlet
propane concentration, thus evidencing that the carbon mass is balanced and no other
byproduct is formed. Finally, we use space time yield (molco,) -kg((:lat) h~!, molar amount
of CO; per kilogram catalyst and hour, STY) to quantify the activity of the catalyst in total
propane oxidation reaction.

5. Conclusions

A rational synthesis approach is introduced to favor hydrogen incorporation in the
oxide lattice by mixing a reducible oxide with a less reducible oxide, as exemplified with the
solid solution of RuO; and rutile TiO;. Neither RuO; nor rutile-TiO is able to incorporate
hydrogen into the lattice just by hydrogen exposure at elevated temperatures: rutile-TiO,
is not affected at all, while Ru_100 is fully reduced to metallic ruthenium. We show that
mixed RuyTi;_4O is stable against H, exposure at 250 °C for compositions 0.2 < x < 0.8
and hydrogen can be incorporated into the lattice. Hydrogen incorporation in mixed
oxide RuyTij_4O; reveals a synergy effect in that Ru enables the activation of Hj, while Ti
stabilizes the oxidation state of Ru (Ru**) against reduction to metallic Ru.

Hydrogen insertion into the rutile lattice of RuyTij_O; is accompanied by a change of
the lattice constants (XRD) and increased micro-strain. Hydrogen insertion affects directly
or indirectly via macro- and micro-strain the electronic structure of Ru,Ti;_,O, that in
turn is expected to be responsible for the improved catalytic activity, not only for oxidation
catalysis as exemplified with the propane oxidation, but may be equally beneficial for
the selective hydrogenation and oxidation of other organic compounds. For propane
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combustion, we show that the activity of Ru_x is significantly increased by H; exposure at
250 °C. The optimum catalyst is identified with Ru_60_250R, whose activity is substantially
higher than that of Ru_100.

Hydrogen treatment can also be conducted in situ by H; exposure during temperature
ramping and switching to the reaction mixture when the reaction temperature is reached,
thus providing an additional parameter to tune the catalytic performance of a mixed
oxide catalyst in the reactor. This approach is of general interest in catalysis research and
inorganic chemistry to fine-tune properties of (mixed) oxides and may therefore open
exciting perspectives for tuning the catalytic activity of mixed oxide catalysts, not only in
thermal catalysis but also in electrocatalysis of acidic water splitting at the anode side.
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Abstract: In this study, the superoxide radical O,*~ formed by treating Ti(OR)4 (R = iPr, nBu) with
H,0O, in the presence of KOH was detected in the EPR spectra. The g-tensor of this radical differs
from the typical values reported for a superoxide on various TiO, surfaces. On the other hand, similar
g-tensor components g| |, =2.10 & 0.01, g, =2.005 + 0.003 assigned to the O,°*~ were previously
observed for radicals in aqueous solutions in the presence of K,O, alkaline solutions of DMSO, and
water/DMSO mixtures. A common factor in all these systems is the presence of alkali ions. However,
there was no structural support for the possible interaction of alkali ions with a superoxide in these
systems. The use of multifrequency pulsed EPR techniques in this work revealed the stabilization
of the O,°* ™ near the K* ion and its involvement in a strong hydrogen bond with the surface. These
findings are consistent with the features previously reported for superoxides on a Na pre-covered
MgO surface. Interactions with a closely located >*Na and a strongly coupled 'H proton were also
seen in the HYSCORE spectra but assigned to two different superoxides with various g, values
presented in the sample.

Keywords: TiO,; hydrogen peroxide H,O,; KOH; superoxide radical; pulsed EPR; hyperfine coupling

1. Introduction

Superoxide anion (O,°7) is a radical formed after the one-electron reduction of dioxy-
gen Oy, in different chemical processes [1]. In reactions with organic compounds, it can
behave as a base, a nucleophile, and an oxidizing or reducing agent [2,3]. O,°~ is paramag-
netic, which has allowed for broad applications of multifrequency, continuous wave (CW)
EPR spectroscopy for its studies [4-8].

The treatment of an oxide with a solution of hydrogen peroxide (H,O,), followed by
drying the obtained solid under a vacuum has been also employed for generations of the
superoxide radicals [9]. A product with matrix-bound O,°*~, produced by treating Ti(OR),4
(R = iPr, nBu) with HyO,, was described and used as a selective heterogeneous catalyst
for the oxidation of organic compounds [10]. It is effective at room temperatures and with
various solvents including water.

Detailed studies of the catalyst using various experimental methods have shown
that O,°~ is responsible for the reaction, and its exceptional stability results from a sta-
bilization near Ti*" on the TiO, surface with a contribution of H,O molecules and/or
OH groups [10-12]. However, the nature and strength of O,°~ interactions with the sur-
rounding molecules was not characterized.

In our previous work, paramagnetic O,°~ intermediates formed during the decom-
position of H,O, on the TiO, surface have been studied employing X- and Q-band CW
and pulsed EPR spectroscopy. Exploiting high-resolution pulsed EPR techniques, i.e., 1D
and 2D ESEEM (Electron Spin Echo Envelope Modulation) and ENDOR (Electron-Nuclear
Double Resonance), weak interactions between the superoxide unpaired electron and the
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surrounding protons were quantitatively characterized. This enabled us to modify the
model of the O,*~ with its surrounding environment on the TiO, surface [13]. In this work,
we found that the superoxide radical with different EPR spectroscopic characteristics is
formed in reaction with Ti(OR)4 (R = iPr, nBu) and H>O; in the presence of a KOH solution.
The application of pulsed EPR techniques has led to our finding that the stabilization of
this O,*~ is due to proximity to K* ion and its involvement in a strong hydrogen-bonding
interaction with the surface.

2. Materials and Methods
2.1. Preparation of the Catalysts

The TiO,/O,°~ catalyst studied in our previous work [13] was prepared from Ti(OiPr)4
exposed to HyO, following the method described in [10]. The dried powder obtained at
the end of this procedure was transferred in quartz X- and Q-band EPR tubes, degassed,
sealed, and used in the EPR experiments described in [13] (further called “sample I” in this
article). It is known that radiolytically or photochemically generated superoxide reacts with
tyrosine, forming phenoxyl radicals of tyrosine [14,15]. We aimed to test the appearance
of this species in a similar reaction using tyrosine with superoxide on the surface without
prior irradiation. The solubility of tyrosine in alcohol is highly pH-dependent [16]. Initially,
we tried to initiate a reaction of tyrosine with superoxide by adding tyrosine to the TiO,
dispersion powder from an alcohol solution or from its mixture with low concentration
KOH. EPR spectra of these samples show a rhombic signal consistent with the spectrum of
the O,°*~ radical found in sample I. On the contrary, a signal with an axial g-tensor and
increased g, was observed in samples with a higher KOH concentration (pH > 10). Similar
results were obtained upon joint addition of peroxide and tyrosine in an alkaline alcohol
solution to Ti(OCH(CHj3))s. The presence of an axial EPR signal was also confirmed in
the control experiment by adding KOH in methanol without tyrosine to the TiO,/O,°*~
catalyst (sample II).

Earlier, in aqueous solutions and mixtures containing alkali metals (M), radicals with
similar EPR characteristics attributed to O,*~ were found, which suggests a special role
of M™ ions in these samples for the radical stabilization. However, no structural EPR
support was provided for this hypothesis. Therefore, this paper describes the pulsed
EPR characterization of the superoxide radical and its environment in the type II samples
containing K* ions.

2.2. EPR Measurements

The CW EPR, two-dimensional, four-pulse hyperfine sublevel correlation (HYSCORE,
n/2 —1t—-7/2 —tl — 7 —t2 — n/2 — v — echo) [17], and Davies pulsed ENDOR
(m—t—m/2 — 1 — 7m— 1 — echo) [18]) experiments were performed as previously
described elsewhere [13]. The Bruker WIN-EPR software was used for spectral processing.

3. Results and Discussions
3.1. EPR Spectra of Dried TiO, + H,O,

X-and Q-band EPR spectra of a dried sample of TiO, (solution of Ti(OiPr), treated
with HyO,, sample I) were reported in [13]. They show a signal with rhombic g-tensor
produced by the decomposition of HyO, on the TiO, surface (Figure S1). The g-tensor
principal components (2.024, 2.009, and 2.003) determined from the Q-band spectrum
supports the formation of a stable superoxide radical O,°~ [10], because they are in line

with values usually reported for the superoxide on various TiO, surfaces (O,°-Ti**) (see
Table S1).

3.2. EPR Spectra in the Presence of KOH

Figures 1 and S2 show Q- and X-band EPR spectra of the radical formed in sample
II. The spectra were obtained as a field-swept two-pulse Electron Spin Echo (ESE) signal
and its calculated derivative. In contrast to sample I, the shapes of these spectra possess a
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typical axial g-tensor anisotropy with principal values g |, = 2.10, g (y) = 2.002, and a
total width of ~20 mT in the X-band. We used the field-sweep ESE because a broad g | ()
feature was not clearly resolved in CW EPR spectra. The EPR signals with similar g-tensor
components g |(,z) = 2.10 £ 0.01 and g =2.005 + 0.003 assigned to the superoxide radical
have previously been observed in water solutions with the presence of K,0O, alkaline DMSO
solutions, and water/DMSO mixtures (Table 1). One can note that the common factor in all
these systems is the presence of alkaline ions. Earlier studies have found a good correlation
of the superoxide g,, value with the oxidation state of the nearest metal cation [5,19].
Particularly, a comparison of our data with the reported empirical dependence [5] indicates
that g,, = 2.0227 for the superoxide in sample I is consistent with its suggested location
near Ti**. In contrast, g, = 2.10 is within the region reported for M* and may display the
radical location near an alkaline cation in sample II as well as in the compounds shown in
Table 1.

g-value
2.2 21 2.0 1.9

1211.0mT

9,

derivative

gII

11444 mT

field-sweep ESE signal

v 1 v 1 1 v 1 v
1050 1100 1150 1200 1250 1300
H,mT

Figure 1. Q-band two-pulse ESE field-sweep spectrum and its first derivative of the radical formed
in sample II. Field-sweep ESE generates a spectrum similar in shape to the absorption spectrum
produced on the integration of the normal continuous-wave EPR derivative. Microwave frequency
is 33.9523 GHz, length of 7t/2 pulse is 100 ns, time T between first and second pulses is 400 ns, and
temperature is 15 K.

Table 1. Systems where the EPR signal with axial g-tensor was assigned to a superoxide.

Matrix 811(82z) g, (gxy) Reference
H,O ice (Ky0O) 2.110 [20]
D,O ice (0.1 mM K,O) 2.110 2.002 [21]

KO, in DMSO/H;0 in the presence of

ubiquinone-10 2.108 2.004 [22]
Alkaline DMSO 2.098 2.005 [23,24]
10 pL of 0.5M NaOH/mL of DMSO 2.089 2.007 [25]
TiO, + H,Op+ KOH 2.10 2.002 This work

3.3. Pulsed EPR Characterization of the Radical

Interactions between the O,°~ species and its environment in samples I and I were
probed using HYSCORE and pulsed ENDOR techniques. Our previous HYSCORE studies
of the superoxide in sample I have found only weakly coupled protons, with the anisotropic
couplings T not exceeding ~2 MHz (Supplementary Materials, Section S1) [13]. These
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protons produce cross-features located along an antidiagonal crossing the diagonal of the
(++) quadrant at the (viy, V1) point, where v1y is the proton Zeeman frequency in the
applied magnetic field (Figure S3).

In contrast, the X-band HYSCORE spectrum of sample II (Figure 2) is dominated
by a pair of cross-ridges 1y that significantly deviated from the (vqy, vix) antidiagonal.
This indicates the presence of proton(s) with a substantially stronger anisotropic hyperfine
interaction [22] than the protons contributing to the spectra of sample I (Figure S3). One
can also note that the 'H spectrum in Figure 2 clearly shows additional features 1’y that
also deviated from the 'H antidiagonal but oriented in the opposite matter relative to this
line. In the course of the analysis described below, we provide evidence that the 15 and
1’y lines are parts of the same cross-feature located on opposite sides of the diagonal of the
(++) quadrant. Lines from weaker coupled protons, elongated along the antidiagonal (v1y,
ViH), are also present in the spectra of sample II but possess a lower intensity.

. vy, MHz J : o s, MHz
:._‘-‘__‘ 1H 20 4 ’
:}:\‘?‘;‘ '.'. 1 I// 4
THYE H | NS s
.-' ! ot vy Vil
\;;\».'“-\ - s 39K
'_. \?‘.".' P !
ra 10 e s 2
# y " 1
5 ,"53(
s T S— 0
0o 1 2 3 4
0
10 15 20 v2, MHz
vz, MHz

Figure 2. Contour representation of the X- (left) and Q-band (right) HYSCORE spectra of the
superoxide radical in sample II. The time T, between the first and the second microwave pulses, was
136 ns (X) and 200 ns (Q). The spectra were obtained by FT of the 2D time domain patterns containing
256 x 256 points with a 16 ns step in t1 and t;, which are the intervals between the second and the
third microwave pulses, and the third and the fourth microwave pulses, respectively. The microwave
frequency was 9.671 GHz (X) and 33.9915 GHz (Q), and the magnetic field was set to 343 mT (X) and
12,125 T (Q), and the temperature was 15 K.

The Q-band HYSCORE spectrum of sample II (Figure 2, right) shows an extended
straight ridge around a diagonal frequency of 2.4 MHz with a total length of ~2 MHz. This
line is produced by the interaction with K (nuclear spin I = 3/2) possessing a Zeeman
frequency of 2.409 MHz in the applied magnetic field 1212.5 mT. The natural abundance
of 3K is 93.26%. The second stable isotope 'K has the same nuclear spin and natural
abundance of 6.73%. The Zeeman frequency of 'K in the specified field is 1.32 MHz.
However, the spectrum in Figure 2 does not contain any features near this frequency on the
diagonal line.

4. Discussions
4.1. Analysis of the 'TH HYSCORE Spectra

Quantitative analysis of 'H cross-ridges from the HYSCORE spectra of the O,°~
in samples I and II, based on linear regression of contour line shapes in v1? vs. v,?
coordinates [26], gives isotropic and anisotropic components of hyperfine tensors in axial

approximation for protons interacting with the electron spin of the superoxide. Detailed
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explanations and results of the analysis are provided in the Supplementary Materials,
Section S1.

In particular, a representation of the cross-ridges 15 from the spectra of sample I
prepared with H,O, and D,0, in coordinates v1? vs. 1,2 gives anisotropic hyperfine
coupling T = 2.0 & 0.2 MHz for the contributing proton(s) (Figure S4 and Table S2) [13]. The
estimated value of T ~ 2 MHz is supported by the negligible deviation of the cross-ridges
from the antidiagonal in the experimental spectra. A similar analysis of the cross-ridges 15
and 1’y with the visible deviation from the antidiagonal (Figure S5) in sample II provides
the value of anisotropic coupling of T ~ 7.0 MHz, which significantly exceeds the hyperfine
coupling of T ~ 2 MHz for protons interacting with O,°~ in sample I.

4.2. Evaluation of the Proton Anisotropic Hyperfine Couplings

The anisotropic couplings of T ~ 2 MHz and ~7 MHz for the superoxide-proton
interactions in samples I and II indicate different relative locations of the O—O molecule
and protons. The value of ~7 MHz is closer to previously reported 'H hyperfine couplings
of T ~ 10 MHz and 9.8 MHZz for a species with similar g-tensor generated on from KO,
reacting with water in a HO/DMSO mixture in the presence of ubiquinone-10 [22] and a
Na pre-covered MgO surface [27], respectively. The anisotropic hyperfine tensor for the
proton located near the O,°~ is the result of a magnetic dipole-dipole interaction with an
unpaired 7 spin density distributed approximately equally over two oxygens. The tensor
depends on a proton position relative to the O-O bond and is generally rhombic [28]. When
the interaction between the electron and the proton spins is described by the point dipole
approximation the anisotropic parameter is defined by the expression T = Z—? (MHz) [13],
where r is the distance between spins.

The dipole-dipole interaction is described by an axially symmetric tensor with diago-
nal principal values

T-= [Txx/ Tyy, Tzz] =T [_1/ -1, 2] (1)

in the principal axes coordinate, with the z axis directed along the + direction.

A proton near the superoxide oxygens O and O, carrying unpaired spin densities
p1 and p;, experiences a local magnetic field, which is a vector sum of two contributions
depending on the O;-H (r1) and the O,-H (ry) distances (Figure S9). The principal values
of the rhombic hyperfine tensor in this case are [28]

T=[1/2(Ty + T = 38), — (T1 + T), 5(Ty + T +39) @

where 6 = [T1% + T»? + 2T Tocos(2a + 2,8)]1/2, Ty = 79p1/r13, Ty = 79p2/r23. Equation (2)
transforms to the traditional axial form

T=[—(T; +Ty), —(T1 + T3), 2(T1 + T3)] 3)

for the proton located on the O1—-O; line with § =180°and 6 = Ty + T».

The relations between the sides and angles of the triangle HO; O, (Figure S8)
1/2
]

and & = arcsin[r—lsinﬁ] 4)

3= [ +15_0 —2rnro-ocosp r

allow us to define the tensor components based on one distance (r1, O1—H distance) and
one angle (B, angle between H-O; and O;-0O5).

It has been shown that the unpaired spin density is almost equally (o1, ~ 0.5) dis-
tributed on the 2p,* of each oxygen in superoxide radicals studied in a solution [29], on
a MgO surface [30], and generated in TIAIPO-5 [31]. The reported O-O distance in the
superoxide varies between 1.32-1.35 A [29,32-34] and increases under the influence of
hydrogen bonds [29,32].
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For a direct comparison with the HYSCORE determined values of T =2 [13], 7 (this
work) and 10 MHz [22,27], we calculated the term T; + T, from Equation (2), which lacks
the rhombic term 36 and is equal to T = 39.5 [}3 + %3] for p1 =~ p2 =~ 0.5. This term is shown

1 2

in the form of contours, where each point defines r; and § with the selected T (2, 7, or
10 MHz) (Figure 3), i.e., as a function of the O;-H distance and the angle  between the
H-O; and O1-O, directions. Calculated graphs show that T = 2 MHz corresponds to
the H-O; distance 2.97-3.4 A for the angles § < 180°. On the contrary, this distance is
~1.0-1.2 A less for T = 7 or 10 MHz (Table 2).

90°
120° 60°

150° 30°

180° 0°
3025201.51.0050.0051.01520253.0

rq, A

Figure 3. Polar graphs (r1, f) with representative contours T = 39.5 [ ] equal to 2.0 (blue),
7.0 (red), and 10 (pink) MHz calculated for a model with one superox1de oxygen located at the (0,0)
point of the coordinates and a second oxygen at the point (1.33 A, 0°). 01-0, distance equals to
1.33 A marked in purple along the line with § = 0°. Green line normal to r; axis corresponds to the
middle of the O;—O, distance. Adapted by permission from Copyright Clearance Center: Springer
Nature, Samoilova et al. [13]. Copyright 2022.

Table 2. Distances of a proton location relative to a superoxide radical at different values of the
anisotropic hyperfine coupling.

T, MHz r1 (H-0q), A B, Degree ry at B =180°, A ry at B =120°, A References #
2 2.97-3.4 180-75 2.97 3.08 [13]
7 1.89-2.24 180-73 1.89 1.95 This work
10 1.67-1.99 180-70 1.67 1.71 [22,27]

? References, where parameters T from first column were experimentally determined. Adapted by permission
from Copyright Clearance Center: Springer Nature, Samoilova et al. [13]. Copyright 2022.

Available models of a hydration shell for the aqueous O,*~ include four water
molecules, with two waters forming hydrogen bonds with each oxygen atom (Figure S9).
The hydrogen bond lengths vary between 1.72-1.94 A [30,35,36]. The lower limit of the
H-0O; distance 1.89 A obtained for T = 7 MHz is still within the interval shown above.

4.3. Interaction with 3K Nucleus

3K possesses the nuclear spin I = 3/2 with a natural abundance of 93.26%. The
orientation disordered HYSCORE spectra of the S =1/2 and I = 3/2 system are influenced
by hyperfine and nuclear quadrupole interactions. Both of them are anisotropic. Available
data about the nuclear quadrupole coupling constant in 3¥K* state indicate that it is quite
small [37,38]. Model simulations of the HYSCORE spectra from I = 3/2 nuclei with
hyperfine and nuclear quadrupole tensors satisfying the conditions [vi > Azz > Qzz]
have shown that the hyperfine interaction creates cross-ridges normal to the diagonal line
in the (++) quadrant, whereas the nuclear quadrupole interaction produces an additional
splitting of these cross-features in the direction parallel to the diagonal [39]. This simple
manual is helpful for the qualitative analysis of the observed spectrum from 3°K (Figure 2).
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The spectrum consists of a straight segment normal to the diagonal of the (++) quadrant
and is located symmetrically relative to the (vaok, v3ok) diagonal point. The length of the
ridge is about ~2 MHz along each coordinate. A projection of the spectrum on each
coordinate and stacked presentation of the spectrum shows a weakly resolved triplet
structure of the ridge with the hyperfine splitting A ~ 1 MHz between cross-peaks with
permutated coordinates of ~2 and 3 MHz. The spectrum does not show any additional
splitting of the ridge along the diagonal, assuming the small value of the quadrupole
coupling constant of PK [39].

The crystal structure of an a-potassium superoxide shows an octahedral environment
of the superoxide ion near K* ions with smallest contact distances of 2.71 A in the direction
parallel to the O-O bond and another 2.92 A away, in the direction approximately normal
to the O-O bond [40]. The calculated value of the principal component (T + T5) of the
hyperfine tensor defined by Equation (2) for the two indicated locations of **K* using
formulae T = (3.7/2)[1/r1% + 1/153] is equal to 0.12 and 0.148 MHz, respectively. The
anisotropic width of the single-quantum transitions in the powder spectrum 37T /2 does not
explain the line splitting ~1 MHz from 3°K, as detected in the HYSCORE spectrum. Conse-
quently, there remains only one source resulting in the observed line shape—the isotropic
hyperfine interaction. However, the simulation of spectra with parameters a ~ 1 MHz and
T ~ 0.15 MHz did not reproduce the presence of a spectral intensity around the diagonal
between two peaks with a ~1 MHz splitting. Additional ideas about hyperfine interactions
between K and the O,°~ can be obtained by taking into account the available data on
hyperfine couplings between a superoxide and *Na or 133Cs on the MgO surface.

4.4. Comparison with Superoxide on a Na or Cs Pre-Covered MgO Surface

The EPR spectrum of superoxide species formed on a Na pre-covered MgO surface [27]
shows a formation of two species with g,, values equal to 2.091 and 2.14. The g y compo-
nents of both species are close to g = 2 and produce a single intensive line with a width of
1.5-2.0 mT in the spectrum. The species with g,, = 2.091 have been assigned to superoxide
ions on Mg?* matrix sites. The value g,, = 2.14 is within the range typical for superoxide an-
ions stabilized on monovalent cations; thus, the corresponding EPR signal was designated
as a surface O,*~ — Na™ adduct.

The HYSCORE spectra collected in the g area of the Na/MgO sample contain cross-
features from the 2>Na and 'H nuclei (Figure S10). Two of them belong to 23Na with strong
and weak hyperfine couplings ~17 MHz and ~<3 MHz, respectively. The sl spectrum con-
sists of two extended ridges with a clearly visible deviation from the antidiagonal crossing
(vim, vin) point of the diagonal, indicating a strong anisotropic interaction between the
superoxide and a proton. Computer simulations of the spectrum have provided hyperfine
tensors a = —15 £ 2 MHz, T = (—0.1, 3.1, —3.0,) MHz (+0.5 MHz) for the strongly coupled
2Na from the O,* -Na* adduct and a = —5.0 + 0.5 MHz, T = (—9.8, 19.6, —9.8) MHz
(0.1 MHz) for the proton that produced extended cross-ridges. It was suggested that this
proton belongs to the superoxide stabilized on the Mg?* matrix site in the proximity of a
surface OH™. Our analysis (Figure 3) shows that the 'H coupling of T ~ 10 MHz indicates
the formation of an H-bond between the superoxide and proton with an O-H distance
of ~1.7-2.0 A. Furthermore, the authors have proposed that the line around the diagonal
(YNas YNa) point is produced by remote 23Na nuclei that are randomly distributed between
3.5 A and 4.5 A away (i.e,, 0.5 >IT| > 0.2 MHz in the point dipole approximation), and the
species of both g, contribute to this feature [27].

To compare the experimental and calculated spectra, this feature was calculated using
a single hyperfine tensor a = —2.5 MHz, T = (—0.5, —0.5, 1.0) MHz (Figure S10). On
the other hand, we estimated Tax = (20.9/2)[1/113 + 1/1,°] for two models of the 2>Na
location relative to the superoxide (O-O length 1.33 A) using a Na—O distance of 2.38-2.39 A
reported for the orthorhombic structure of sodium superoxide [41,42]. The corresponding
values are Tmax ~ 1 MHz and 1.5 MHz for the 22Na locations on the line extending the
O-0O bond and normal to the middle of the O-O bond that is consistent with the value of
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Tmax/2 used for calculating the spectrum. This estimate shows that the signal assigned to
randomly distributed 2*Na nuclei at distances in the range between 3.5 A and 4.5 A can be
produced just by one nucleus located at the Na—O distance found in the crystal structures.
More convincing conclusions about the nature of the signal from weakly coupled Na could
be supported by the relative intensities of two sodium signals which are not available from
the published spectra.

The increased hyperfine parameters for strongly coupled ?*Na is explained by the
formation of the ionic sodium superoxide Na*O, ™~ as symmetrical triangular molecules
with an interatomic distance of 1.96 A that was deduced from vibrational spectra [43]. One
can recalculate the characteristic hyperfine parameters of the 2>Na*0,®~ species obtained
in this work for a superoxide interacting with a nucleus of 39K*. The ratio of 2Na/¥K
magnetic moments is 5.56. Then, the parameters lal =15 MHz and | T|=3 MHz found for
the 2NaO, species will give formal values of a = 2.7 MHz and T = 0.54 MHz for 3K. The
ratio of the atomic isotropic hyperfine constants 927.1 MHz (**Na, 3s) and 228.5 MHz (*K,
4s) [44] calculated for unit spin density is 4.06. It leads to a decreasing a value of 0.67 MHz.
Another possible factor that may reduce the hyperfine parameters of 3K compared to 2>Na
is the larger value of its ionic radius (1.02 A for 2Na and 1.38 A for 2K). Simulations of the
3K HYSCORE spectra with estimated parameters a = 0.6-0.7 MHz and T = 0.6 MHz confirm
the increased total length of the cross-ridge and its line shape without well pronounced
maxima (Figure S11). Thus, the recalculation analysis assuming similar structural motifs
of the MO, species predicts significantly lower hyperfine couplings for *K. However,
the value of the anisotropy parameter is greater than the calculated ~0.15 MHz using the
crystallographic structure. That increase provides an extended line shape from *K, which
is consistent with the experimental HYSCORE spectra.

DFT calculations of the hyperfine parameters for O,*~ in Na/MgO were performed
for different elements of the MgO surface [27]. Based on the analysis of the full set of g
and A tensors, the NaO, species formed on an edge site of the MgO surface, where O,
is simultaneously bound to Na and to MgO, give the best description of the large g,
and the 2>Na hyperfine interaction observed in the EPR experiments. On the other hand,
the DFT analysis of the 'H tensor determined from the HYSCORE spectrum of O,*~ in
Na/MgO has not been carried out even for the proposed O,°*~ /HMgO center, although
this tensor possesses an a;5, = —5 MHz and Tmax = 19.6 MHz, which significantly exceeds
the ;50 ~ 0 MHz and Tinax ~ 10 MHz reported for O,°~ at the surface of MgO [45].

One can note that the exchangeable proton with Ty, ~ 20 MHz was found in the
HYSCORE spectra of the superoxide in the KO, /DMSO/H,0O mixture in the presence of
ubiquinone-10 [24]. However, the X-band HYSCORE spectra obtained in this work were
not suitable for the detection of *K signals due to a low Zeeman frequency in this band.

Other experimental examples relevant to this work are EPR studies of 22NaO,, ¥KO,,
87Rb0O,, and 133Cs0O; in rare gas matrices [46] and superoxides on a 133Cg/ MgO surface [47].
Similar to Table 1, the g,, component of these species varies between 2.10-2.12, and the
alkali metals 2Na and '33Cs produce a resolved hyperfine splitting of the g,, and gy
components presented in Table 3.

Table 3. EPR parameters of MO, species in a rare gas and on a MgO surface.

Sample 82z T11 T Ts3 Aiso Ay pxe10~3 Ref.
2NaO, 2.111 -2.8 1.68 —1.12 9 927.1 9.7 [46]
0,°*" on

Na/MgO 2.14 —-0.1 3.1 -3.0 —15 927.1 16.2 [27]
133Cs0, 2107 —056 084  —0.28 14 2464 5.7 [46]
0,°” on

Cs/MgO 2.120 5.1 26 -7.7 29.6 2464 12.0 [47]

* Tj components of an anisotropic tensor, isotropic constant a;s,, and atomic isotropic hyperfine constant A are
in MHz.
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A comparison with rare-gas matrix-trapped MO, molecules shows that the surface-
stabilized complexes are characterized by larger a;5, and g,, parameters. The differences
between isolated MO, molecules and surface-adsorbed NaO,/MgO species have been
examined with the help of DFT calculations, which illustrated the role of the matrix in the
stabilization of the superoxide with particular magnetic characteristics [27]. A set of surface
sites was compatible with the observed experimental results, which are characterized by a
mutual interaction between the superoxide anion and the Mg?* matrix ions and adsorbed
Na* species. Particularly, in the case of the surface-stabilized NaO, complex, the unpaired
electron is localized in a 7t* orbital lying in the O,—Na plane, whereas the 7* orbital hosting
the unpaired electron is found to be perpendicular to the M(OO) plane for matrix-trapped
NaO; in the rare gas. This difference will influence the hyperfine interaction with the
alkaline atom nucleus [46].

5. Conclusions

Our experiments with the TO; ... O,°~ catalyst obtained with the joint addition of
peroxide and a KOH solution of alcohol show the formation of the superoxide radical with
the atypical g,, = 2.10. A similar EPR signal was previously observed in various systems
containing alkaline ions that allowed us to suggest the special role of K* ions in the O,°~
stabilization. However, 3K nucleus(i) did not produce any resolved features in the reported
EPR spectra. In this work, we applied 2D HYSCORE spectroscopy to characterize hyperfine
interactions between the O,*~ and the 3K and 'H nuclei in its environment. Q-band
HYSCORE spectra have shown the presence of 3K near the superoxide. A comparison of
the magnetic characteristics and electronic configuration defining the isotropic coupling of
3K with 2Na in Na/MgO [27] allowed us to predict significantly smaller ¥K hyperfine
couplings for the similar structural MO, motifs. The estimated values give a reasonable
agreement between the calculated and experimental *’K HYSCORE spectra. Another
finding of this superoxide is the existence of a strongly coupled 'H with the anisotropic
coupling T ~ 7 MHz, which suggests the formation of an H-bond with an O-H distance of
<2A. So far, an interaction with the closely located alkaline ion and the strongly coupled
proton T ~ 10 MHz has been reported for the O,*~ on Na/MgO only [27]. However,
two different O,°~ species with g,, = 2.014 and 2.091 were present in this sample, and
strongly coupled ?*Na with a = 15 MHz and the 'H with anisotropic coupling T = 9.8 MHz
were assigned to different species, — O,*~ /NaMgO and O,*~ /HMgO, respectively. Only
one type of O,*~ /KTiO; species with g,, = 2.10 was found in our work. This means that
signals from 3K and a strongly coupled proton with T ~ 7 MHz in the HYSCORE spectra
are produced by interactions with this superoxide and should be considered as the elements
of its structure. Therefore, independent data to support the hypothesis that the presence of
a stable superoxide radical in systems containing alkali metals requires the simultaneous
proximity of M* ion(s) and the formation of a hydrogen bond with its environment are
still needed.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inorganics11070274/s1, Figure S1: X- and Q-band EPR spectra of
the superoxide radical in sample I; Figure S2: X-band two-pulse ESE field-swept spectrum and its first
derivative of the TiO, surface produced from Ti(OiPr), exposed to H,O, /KOH; Figure S3: Contour
representation of the HYSCORE spectra of the superoxide radical in the sample I (a) and in the similar
sample prepared using D,O; (b); Figure S4: Plots of cross-ridges 1y from HYSCORE spectra of the
superoxide radical in sample I'in the (11)? vs. (15)? coordinate system; Figure S5: Plots of cross-ridges
1y and 1y’ from HYSCORE spectrum of the superoxide radical in sample II in the (v1)? vs. (v2)?
coordinate system; Figure S6: Q-band field-sweep 2-pulse ESE spectrum (a) and Q-band Davies
ENDOR spectra (b) of the superoxide radical in sample I; Figure S7: Q-band Davies ENDOR spectrum
of the superoxide radical in sample II; Figure S8: Definition of the distances and angles describing
the location of the proton relative to O; and O, of the superoxide radical; Figure S9: Structural model
of [Op(HpO)4]; Figure S10: Experimental and simulated HYSCORE spectra of the O,°*~ species
on Na/MgO; Figure S11: Experimental and simulated 3K HYSCORE spectra; Table S1: g-tensors
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assigned to the O,*~ radical in different TiO, samples; Table S2: 'H hyperfine tensor parameters
determined from linear regressions of the cross-ridges; Section S1: Square frequency fitting of the 'H
HYSCORE spectra and its comparison with the pulsed ENDOR data [4,10,13,22,26,27,29,31,35,36,48-56].
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Abstract: Manganese-based bimetallic oxides show a high theoretical specific capacity, making them
a potential next-generation lithium-ion battery anode material. However, as with metal oxide anode
materials, aggregation, volume expansion, and poor conductivity are the main obstacles. In this
manuscript, flexible CoMn,0Oy /graphene/carbon nanotube films were successfully prepared through
a facile filtration strategy and a subsequent thermal treatment process. When used as anodes for
lithium batteries, these films can be pressed onto nickel foam without other conductive additives
and binders, which simplifies the manufacturing process. When used as an anode in the lithium-ion
battery, CoMn,0O,/GR/CNT film exhibits a high discharge capacity of 881 mAh g1 after 55 cycles.
This value is ~2 times higher than the discharge capacity of CoMnyO4. The three-dimensional
GR/CNT carrier effectively dispersed CoMn;QOy, preventing its aggregation and alleviating the
problem of volume expansion.

Keywords: lithium-ion battery; anode materials; CoMn,O,4 nanoflower; graphene; film

1. Introduction

The development and progress of society have made people heavily dependent on fos-
sil fuels. However, this dependence has led to energy depletion and serious environmental
pollution problems. Exploring various devices for efficient energy storage and conversion
is crucial to enable the effective use of energy. In recent years, lithium-ion batteries (LIBs)
have received extensive attention due to their large capacity, high power density, and good
cycle stability. LIBs have emerged as critical power sources for a wide range of applications,
including portable electronics and electric vehicles [1]. As demand for these devices contin-
ues to grow, it is crucial to improve their energy density, rapid charge capability, power
density, as well as their durability [2-4]. Research on lithium-ion batteries has focused
on developing electrode materials with higher capacity, greater safety, and lighter weight.
Unfortunately, the current anode materials, such as graphite and carbon-based electrode
materials, are unable to meet these requirements due to their poor rate capability and low
theoretical capacity [5,6]. To overcome this technological bottleneck, high-performance
anode materials are required.

Numerous micro-/nano-structured metal oxides have garnered significant attention
as potential anode materials due to their high energy density. In recent decades, transition
metal oxides (TMOs) have gained significant attention due to their structural diversity
and unique electron transport properties that result from the properties of the outer d
electrons. They offer promising applications in various fields such as spintronics and ther-
moelectrics [7-9]. As research continues, complex transition metal oxides, with a general
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formula of XxY3.xO41 (X, Y =Fe, Co, Ni, Zn, Mn, etc.), have emerged as superior alternatives.
Binary transition metal oxides typically adopt a spinel structure. By incorporating addi-
tional transition metals, more active sites can be introduced and the crystal structure and
valence state of any metal element can be optimized. The synergistic effect of the two metal
oxides during charging and discharging, along with the attractive interactions between
different cations, can facilitate a greater number of redox reactions. Consequently, binary
transition metal oxides exhibit higher reversible storage capacity and enhanced electronic
conductivity compared with single metal oxides [10]. This excellent electrochemical activity
positions them with great potential for energy storage and conversion applications [11].
Among various transition metal oxide materials, manganese-based oxides have garnered
considerable attention due to their lower operating voltage and higher energy density.
For instance, Yu et al. employed a simple solvothermal and thermal treatment process to
grow hierarchical CoM;_,O4 arrays/nanostructures on stainless steel substrates [12]. By
adjusting the volume ratio of solvent, CoMn,O4 nanowires and MnCo,O4 nanosheets were
synthesized. The layered structure of these materials facilitates contact between the elec-
troactive surface and the electrolyte, resulting in excellent electrochemical properties and
cycling stability. In particular, the CoMn,O, material, with its combination of cobalt’s high
oxidation potential and manganese’s high capacity and excellent electron transport proper-
ties, exhibits great promise as an anode material for lithium-ion batteries [13]. However,
their commercial application is hindered by inferior cycling stability and poor rapid charge
capability, which are possibly due to sluggish electronic/ionic diffusion and unsatisfactory
structural stability.

To address these issues, many strategies have been attempted. One useful method is
to build different nanostructures from transition metal oxides using various strategies such
as hierarchical mesoporous microspheres [14], hollow nanospheres [15], yolk—shell micro-
spheres [16], hollow nanofibers [17], and bubble-like structures [18]. Hu et al. prepared
hierarchical mesoporous CoMn,O4 microspheres using a facile solvothermal carbon tem-
plating method [14]. This material exhibited excellent cycling stability and high discharge
capacity due to its unique hierarchical structure, which enhances electrolyte diffusion, short-
ens the Li* ion diffusion length, and accommodates volume-change-induced strain during
cycling. Zhou et al. reported the synthesis of double-shell CoMn,O4 hollow microcubes
using a co-precipitation and thermal annealing method [19]. The unique structure allowed
the synthesized CoMn,Oy4 material to have a reversible capacity of 830 mA h g~ ! ata cur-
rent density of 200 Ag~!. A discharge capacity of 406 mA h g~! was still maintained after
50 cycles at 800 mA g~!, demonstrating excellent cycling performance. Another important
strategy is to combine TMOs with conductive carbon materials, especially graphene [20],
nitrogen-doped graphene [21], and carbon hollow spheres [22]. The introduction of carbon
materials not only provides high electrical conductivity but also serves as a support material
to alleviate the volume expansion of the metal oxide for energy application. Cai et al. have
synthesized a composite material consisting of CoMn;O4 nanoparticles anchored on re-
duced graphene oxide (rGO) sheets [23]. The rGO can prevent the aggregation of CoMn,Oy4
nanoparticles, which could otherwise reduce the active surface area of the cathode material
and limit its performance. Furthermore, the flexible and porous structure of rGO can help
to build a suitable flexible carbon matrix [24], allowing the material to accommodate the
volume change that occurs during the charging and discharging of the battery, while also
improving the electrical conductivity of the cathode material. This is important for main-
taining the stability and performance of the battery over repeated charge—discharge cycles.
To explore high-performance transition metal oxide electrodes, the rational design of the
material’s structure is essential. In the preparation of electrodes, the nature of the binder
directly affects the electrochemical properties of transition metal oxides. Conventional
electrodes are used by mixing electroactive materials with an insulating polymer binder
and coating them on the collector. The ratio and distribution of the binder directly impact
performance. Compositing transition metals with conductive materials avoids the use of
binders. With this structure, the weight is reduced while exposing more active sites and the
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electrode can directly contact the electrolyte better, exhibiting satisfactory lithium storage
performance [25,26].

In this manuscript, the CoMn,O4 nanoflower particles are synthesized by hydrother-
mal method. Then one-dimensional carbon nanotube (CNT) and two-dimensional graphene
(GR) are used to build a three-dimensional network structure of GR/CNT to support the
CoMn,0O4 nanoflower particles. The CoMn,O4/GR/CNT composite film not only has the
potential to improve the overall conductivity of the material but also effectively alleviate
volume expansion and aggregation problems.

2. Experimental Section
2.1. Preparation of CoMn, Oy

A total of 0.33 g of polyvinylpyrrolidone, 1.5 mmol of Co(CH3COOQ),, and 3 mmol
of Mn(CH3COO), were sequentially added into a mixed solution consisting of 90 mL
of ethylene glycol and 1.5 mL of deionized water. After moderate stirring, the resulting
homogeneous solution was transferred into two 50 mL hydrothermal autoclaves, heated
to 180 °C, and maintained for 12 h [27]. Upon cooling to room temperature naturally, the
product was obtained by washing with ethanol through centrifugation and drying in a
vacuum at 60 °C for 12 h. Finally, the dried powder was heated from room temperature to
500 °C at a rate of 1 °C/min under ambient atmosphere and calcined at this temperature
for 4 h. The obtained black powder is referred to as CoMn;QOy.

2.2. Fabrication of CoMnyO4/GR/CNT Composite Film

The preparation of graphene oxide (GO) was achieved using an improved Hummers
method [28] through a three-step process: low-temperature oxidation, high-temperature
oxidation, and hydrolysis. Firstly, 1 g of graphite powder provided by the China National
Pharmaceutical Group Co. was added to a mixture of 92 mL of concentrated sulfuric
acid (95-98%) and 24 mL of nitric acid (65%) in a 500 mL flask placed in an ice bath. The
suspended solution was vigorously stirred at 0 °C for 1h, constituting the low-temperature
oxidation process. Next, to further enhance the oxidation degree of the graphite, the
mixture was heated to 80 °C for 30 min, representing the high-temperature oxidation
step. Following that, 92 mL of deionized water was slowly added and the suspension was
stirred at 80 °C for an additional 30 min, concluding the hydrolysis process. Afterward, to
reduce the remaining permanganate, 5 mL of H,O; (30%) was added to the solution. Upon
completion of the reaction, the resulting mixture was washed with a 5% solution of HCl and
water until no sulfate was detected with BaCl,. Finally, the GO powders were dried at 80 °C
for 24 h, completing the post-treatment steps of drying and washing. The GO (20 mg) and
the carbon nanotube (CNT) (10 mg) provided by Zhongke Times Nanomaterials Co., Ltd.
were dispersed in 10 mL of deionized water by ultrasonication. The resulting suspension
was stirred continuously for 12 h on a magnetic stirrer after adding 20 mg of the as-prepared
CoMnOy. The suspension was then transferred to a vacuum filtration apparatus (1000 mL)
and continuously filtered for 4 h. The resulting thin film was transferred to a petri dish and
briefly soaked in acetone solution. The synthesized thin film was then quickly peeled off
from the microporous membrane using forceps. Finally, the peeled thin film was calcined
at 220 °C for 2 h and the resulting CoMn;0O4/GR/CNT composite film was synthesized.

2.3. Characterization

The surface composition of the samples was analyzed by X-ray diffraction (XRD) pat-
terns using a Bruker D8 ADVANCE X-ray diffractometer equipped with a Cu-K« radiation
source and scanning ranges of 2-10° and 10-70°. The scanning electron microscopy (SEM)
images were obtained using an FEI Quanta 400 ESEM-FEG instrument with an accelerating
voltage of 20-40 kV.
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2.4. Electrochemical Measurements

Foam nickel was used as the current collector, and the prepared thin film material
was cut into appropriate sizes and pressed into electrode plates using a powder press
machine at 20 MPa. The loading amount of the active substance on each electrode plate
was approximately 2 mg cm~2. The electrode plates were used as the working electrode,
lithium foil as the counter and reference electrode, and polypropylene porous membrane
(Celgard2400) as the separator. The electrolyte was 1 M LiPF¢ /ethylene carbonate—dimethyl
carbonate-methyl carbonate (EC-DMC-EMC) with a volume ratio of 1:1:1. The energy
storage characteristics of the battery materials, such as specific capacity, rate performance,
cycle life, and Coulomb efficiency, were mainly evaluated through charge and discharge
cycle tests. The battery testing system used in this manuscript was produced by Wuhan
LAND Electronic Technology Co., Ltd. The test conditions were a constant temperature of
30 °C, a voltage range of 0-3.0 V, and a current density of 50-1600 mA /g to complete the
charge and discharge cycle tests. Cyclic voltammetry (CV) was performed using the CS310
electrochemical workstation produced by Wuhan KEJIA Technology Co., Ltd, Wuhan,
China. The CV test conditions were a voltage range of 0-3.0 V and a scan rate of 0.2 mV/s.

3. Results and Discussion

Figure 1 illustrates the fabrication process of the CoMn,O4/GR/CNT composite film.
In a typical experiment, CoMn,O4 nanoflower particles were initially synthesized using
a hydrothermal method. This process involved the controlled reaction between specific
precursor materials under suitable temperature and pressure conditions, resulting in the
formation of the CoMn,O4 nanoflowers. Next, two-dimensional graphite oxide (GO) and
one-dimensional carbon nanotube (CNT) were dispersed in deionized water and mixed
with the CoMn,O4 nanoflowers. The mixture was stirred for 12 h to ensure a homogeneous
distribution of the nanomaterials and promote the interaction between the components.
The resulting suspension, containing the CoMn;0O4 nanoflowers, GO, and CNT, was then
subjected to vacuum filtration. This process involved filtering the suspension through
a porous membrane, resulting in the formation of a thin brown film on the membrane
surface. Subsequently, the film was calcined at 220 °C for 2 h to remove any residual oxygen
group and promote the formation of strong interfacial bonds between the components.
The calcination process led to the formation of the final black product, which represents
the CoMnyO4/GR/CNT composite film. The integration of the CoMn,O, nanoflower
particles within the three-dimensional network structure of GR and CNT provides several
advantages. Firstly, the GR/CNT network offers a large surface area, allowing for enhanced
interaction and efficient utilization of the active materials. Secondly, the presence of CNT
and GR improves the overall electrical conductivity of the composite, facilitating rapid
charge and ion transport within the electrode material.

To analyze the structure of the CoMn;O,,GR/CNT film and evaluate the impact
of the incorporation of GR/CNT on CoMn,04, SEM characterization was conducted.
Figure 2a,b present SEM images of the carbon nanotube (CNT) and graphene (GR). The
SEM image of the CNT (Figure 2a) reveals a distinctive tubular structure with a curved
morphology. The CNT exhibit a range of orientations, intertwining and interconnecting
with each other. Moreover, in Figure 2b, the graphene displays a layered two-dimensional
arrangement, demonstrating a stacked structure. The graphene layers are stacked on
top of each other, creating a layered configuration with well-defined boundaries between
the individual graphene sheets. Figure 2¢,d show SEM images of pure CoMn,0O4 and
CoMny04/GR/CNT composite films at different magnifications. It can be observed from
Figure 2c,d that without the introduction of GR/CNT, CoMn,O4 aggregates severely. From
the high-magnification SEM image in Figure 2c, it can be seen that the prepared CoMn, 0Oy is
composed of porous nanosheets, forming nanoflowers that have diameters of about 300 nm.
Figure 2e,f show SEM images of CoMn;O4/GR/CNT composite films. The material
with a sheet-like structure is graphene, whereas the material with a curved and fluffy
structure is the carbon nanotube (CNT). The graphene sheets formed a three-dimensional
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framework that supported the CoMn,Oy particles, whereas the long and curved carbon
nanotube filled the gaps between the graphene sheets and between CoMn;,O; particles and
graphene sheets, facilitating connectivity between the CoMn,O4 and graphene. It can be
seen that after vacuum filtration and heat treatment, the shape of CoMn,O, nanoflowers
did not change, and they were uniformly embedded in the GR/CNT composite film.
The existence of the 3D structure of GR/CNT effectively mitigated the phenomenon of
CoMn,O4 nanoflower particle aggregation compared with Figure 2e. The CNT in the film
can effectively compensate for the defect of poor conductivity in the GR layer.

Hydrothermal "GO .

method g TSN

| CNTs | ASSze
The precursor of CoMn,0, Filtrating

Co and Mn salt

nanoflower

,.\
Annealing f4 .

CoMn,0O, / GR/CNTs composite film CoMn,0, / GO/CNTs film

Figure 1. Schematic diagram of CoMn,O4 nanoflower particles/graphene/carbon nanotube compos-
ite film.

To determine the phase composition of the as-prepared materials, X-ray diffraction
(XRD) analysis were carried out on the as-synthesized GR, CoMn,O4 microflowers, and the
CoMn;,04/GR/CNT composite film. Figure 3a shows the low-angle X-ray diffraction (XRD)
patterns of the as-prepared materials within the range of 2-10°. Upon analysis of the XRD
patterns, it was observed that the GR exhibits a relatively featureless pattern in this low-
angle range, with no distinct peaks observed. This indicates the amorphous nature or very
fine crystalline structure of the graphene. In contrast, the CoMn;O4 nanoflower particles
exhibit a characteristic peak at approximately 2.46°, suggesting the presence of a crystalline
phase in the material. Interestingly, in the XRD pattern of the CoMn,O4/GR/CNT com-
posite film, a peak is observed at the same position as the CoMn,O4 nanoflower particles.
However, this peak appears to be slightly broadened compared with the pure CoMn,0y,
indicating a potential modification in the crystalline structure or an influence from the
presence of GR and CNT. From the wide-angle XRD diffractogram of GR in Figure 3b, it
is evident that a diffraction peak is observed around 25°, which corresponds to the (002)
crystal plane of graphene. This peak signifies that GR possesses an amorphous structure
with no prominent crystalline peaks observed within the low-angle range of 2-10°. The
pure CoMn, 04 nanoflowers (represented by the green line) showed diffraction peaks at
20 =18.2°,29.3°,31.2°,32.9°, 36.4°, 4.8°,59.0°, and 60.7°, corresponding to the (111), (202),
(220), (113), (311), (400), (511), and (404) crystal faces, respectively, consistent with the PDF
card (JCPDS 23-1237), with no other impurity peaks appearing, indicating the high purity
of CoMn,Oy. The brown line in Figure 3 represents the CoMnyO,/GR/CNT film. In the
CoMn,04/GR/CNT composites, some of the XRD peaks have become broader and less
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distinct. This could be attributed to the introduction of graphene and carbon nanotube that
could have caused some lattice distortion and reduced the crystallinity of the CoMn,Oy4
nanoparticles. However, the main diffraction peaks of CoMn,0O4 were still identifiable,
indicating that the introduction of GR/CNT did not significantly affect the crystal structure
of CoMn,Oy.

Figure 2. The SEM images of as-prepared (a,b) CNT and GR, (¢,d) CoMn;O4 nanoflower particles,
and (e,f) CoMn,04,GR/CNT composite film.
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Figure 3. (a) Low-angle and (b) wide-angle X-ray diffraction (XRD) patterns of as-prepared GR,
CoMn;0O4 nanoflower particles, and CoMnyO,/GR/CNT composite film.

The cyclic voltammetry (CV) technique was used to study the electrochemical behavior
of the CoMnyO,/GR/CNT composites. Figure 4a illustrates the cyclic voltammetry (CV)
curves of the composite film electrode during the first three cycles. The CV curve of
the initial cycle exhibits a distinct difference compared with the subsequent two cycles,
particularly in the reduction curve. During the initial lithiation process, a broad reduction
peak appears at 1.25 V, which is mainly attributed to the reduction of Co®* to Co?*. The
sharp peak at 0.4 V is attributed to the transformation of Co®* and Mn?* to metal Co and
Mn. The two peaks at 1.65 V and 2.0 V in the delithiation process are attributed to the
oxidation of metal Co and Mn to Co?* and Mn?*. In the subsequent cycles, the peaks
at0.45/1.65V and 1.1 V/2.0 V represent the repetitive reduction/oxidation of MnO and
CoO, respectively [14]. Figure 4b shows the first three charge/discharge curves of the
CoMn,0,/GR/CNT composite electrode at a current density of 100 mA g~!. It can be
seen from the figure that the initial specific capacities of CoMnyO4/GR/CNT for charge
and discharge are 1164/2148 mAh g~ !, respectively. Due to the irreversible formation of
SEI film during the first charge/discharge cycle, a part of Li* is lost, resulting in a low
coulombic efficiency of 54%.
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Figure 4. Electrochemical performance of CoMnyO,/GR/CNT film for LIBs at room temperature
(25 °C). (a) Cyclic voltammograms between 0.0 V and 3.0 V at a scan rate of 0.1 mV s~ for the initial
three cycles. (b) Charge-discharge voltage profiles at a current density of 0.1 A g~! for the initial
three cycles.

A galvanostatic charge-discharge test was conducted to further evaluate the electro-
chemical performance of the CoMnyO4 and CoMn;O4/GR/CNT composite film elec-
trodes. The cycling performance of CoMn;O4 and CoMn,O4/GR/CNT at a current
density of 100 mA g~! for the first 55 cycles is presented in Figure 5a. The initial dis-
charge specific capacities of the CoMn,O4 and CoMnyO,/GR/CNT films were 1514 and
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2148 mAh g~ !, respectively. Although the difference in specific capacity between CoMn, Oy
and CoMn,0O4/GR/CNT films was not significant during the first few cycles, the dis-
charge specific capacity of the CoMnyO; electrode decreased rapidly with increasing
cycle number. After 55 cycles, the discharge specific capacity of the CoMn,O; electrode
was only 457 mAh g’l, which was about half of that of the CoMn,0O4/GR/CNT mate-
rial (881 mAh g~!) under the same testing conditions. The discharge specific capacity
of CoMn;O4GR/CNT composites decreases very slowly and reaches a stable plateau af-
ter about 15 cycles. The enhanced electrochemical performance can be attributed to the
synergistic effect of the three-dimensional network structure of GR/CNT and the highly
dispersed CoMn,O4 nanoflowers, which provides a large surface area and efficient electron
and ion transport pathways. Furthermore, the introduction of GR/CNT effectively allevi-
ates the volume expansion and agglomeration of CoMn,0O, during the charge—discharge
process, maintaining the integrity and activity of CoMn,O, during the stability test.
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Figure 5. Electrochemical performance of CoMn;O4 and CoMn;0O4/GR/CNT film for LIBs at room
temperature (25 °C). (a) Cycling performance. (b) Rate capability at various current rates.

Figure 5b displays the rate performance curves of the CoMn, O, and CoMn,O4/GR/CNT
electrodes tested at current densities of 100, 200, 400, 800, and 1600 mA g’l. In the tested
conditions with current densities of 100, 200, 400, 800, and 1600 mA g’l, the average discharge
specific capacities of CoMn,O, were found to be 1082, 800, 528, 296, and 161 mA g_ll,
respectively. However, when the current density was suddenly reduced to 100 mA g~ !, the
discharge specific capacity of the CoMn,Oy electrode could only recover to 616 mA g~
In contrast, under the same testing conditions, the average discharge specific capacities of
the CoMnyO,/GR/CNT composite films were 1155, 923, 796, 572, and 339 mA g’l, and
when the current density was reduced to 100 mA g~! again, the discharge specific capacity
could be restored to the original level, reaching 1020 mA g~!. The rate performance of the
unmodified CoMn, O, material is not satisfactory and its capacity decay is relatively rapid,
especially after experiencing high current density charge-discharge. Furthermore, at any
given current density, the specific capacity of the CoMnyO4/GR/CNT electrode is higher
than that of the CoMn,O; electrode, indicating that the introduction of GR/CNT has led
to the better rate performance of the CoMn,0O4/GR/CNT electrode. This suggests that the
introduction of GR/CNT can provide a conductive network and increase the electron transfer
rate, which can effectively alleviate the polarization effect and improve the rate performance
of the CoMn,O4/GR/CNT electrode.

The CoMn,04/GR/CNT composite film has shown improved performance in lithium-
ion batteries (LIBs); this is mainly attributed to its unique structure. As shown in Figure 6,
the CoMn,O4 nanoparticles are embedded in the three-dimensional network structure
of the GR/CNT matrix, forming a continuous and porous conductive network. The GR
sheets and CNT can not only provide good electrical conductivity but also prevent the
aggregation of CoMn,O, nanoparticles during the charge—discharge process, which can
effectively improve the structural stability of the electrode and enhance the rate perfor-
mance. Moreover, the CoMn,Oy particles in the composite film are distributed uniformly
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on the surface of the graphene and carbon nanotube, which increases the electrode’s spe-
cific surface area and enhances the interaction between the electrode and electrolyte. This
enhanced interaction can facilitate the diffusion of lithium ions and improve the electrode’s
electrochemical performance. In addition, the composite film also shows improved rate
capability due to the enhanced conductivity and the reduced diffusion length of lithium
ions in the electrode material. The conductive network provided by the GR and CNT can
facilitate the movement of Li* ions and electrons in the electrode material, whereas the
smaller diffusion length of lithium ions in the CoMnyOy particles can improve the rate
capability of the electrode.

Figure 6. Schematic illustration of CoMn; O, /graphene/carbon nanotube composite film-based anode.

4. Conclusions

In summary, the CoMn;O4/graphene/carbon nanotube composite film was success-
fully prepared via a facile vacuum filtrating method and demonstrated improved perfor-
mance as an anode material for lithium-ion batteries. The CoMnyO,4/GR/CNT composite
film exhibited a high initial discharge capacity of 2148 mAh g~! and superior cycle stability
(881 mAh g~ ! after 55 cycles) compared with the unmodified CoMn, Oy film. The composite
film also demonstrated better rate performance, with a higher average discharge capacity
at various current densities. The results suggest that the CoMn,0O,4/graphene/carbon
nanotube composite film is a promising anode material candidate for high-performance
lithium-ion batteries. The addition of graphene and carbon nanotube to the CoMnyOy film
improved its conductivity and provided structural support, which effectively reduced vol-
ume expansion and aggregation during the charge and discharge process, thus maintaining
the integrity and activity of the CoMn,O,4 material. This study highlights the importance
of designing and developing advanced materials for energy storage applications and the
potential of using graphene and carbon nanotube as effective additives to improve the
performance of metal-oxide-based anode materials in lithium-ion batteries.

In addition, the current electrochemical characterizations in this study were at room
temperature; the performance of electrode materials in lithium-ion batteries at high tem-
peratures is a critical aspect to consider. It is widely recognized that high temperatures
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can accelerate undesired side reactions such as electrolyte decomposition, electrode degra-
dation, and increased interfacial resistance. These factors can lead to reduced capacity,
increased irreversible capacity loss, accelerated capacity fading, and decreased cycling
stability of the battery. Moreover, the higher operating temperatures can also affect the
structural integrity of the electrode material, leading to morphological changes, phase
transformations, and altered lithium-ion diffusion pathways. These effects can further
influence the overall performance and lifespan of the battery. In the future, the behavior
of the materials at high temperatures should be carefully investigated and evaluated to
ensure the reliability and safety of lithium-ion batteries in real-world applications.
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Abstract: Ni/Pd co-modified graphene hydrogen storage materials were successfully prepared by
a solvothermal method using NiCly-6H,O and Pd(OAc), and reduced graphene oxide (rGO). By
adjusting the hydrothermal temperature, Pd-Ni is successfully alloyed, and the size of the obtained
nanoparticles is uniform. The electronic structure of Pd was changed by alloying, and the center of
the D-band moved down, which promoted the adsorption of hydrogen. The NiPd-rGO-180 sample,
in which 180 represents the solvothermal temperature in centigrade (°C), has the highest hydrogen
storage capacity of 2.65 wt% at a moderate condition (RT/4MPa). The excellent hydrogen storage
performance benefits from the synergistic hydrogen spillover effect of Pd-Ni bimetal. The calculated
hydrogen adsorption energies of Ni,Pdy-rGO are within the ideal range (—0.20 to —0.60 eV) of
hydrogen ads/desorption; however, the introduction of substrate defects and the cluster orientation
alter the hydrogen adsorption energy. This work provides an effective reference for the design and
optimization of carbon-based hydrogen storage materials.

Keywords: NiPd; graphene; carbon-based hydrogen storage; hydrogen adsorption

1. Introduction

Energy plays a crucial role in driving economic prosperity for nations worldwide. With
the rapid growth of the population and evolving lifestyles, global energy demands continue
to expand. Simultaneously, environmental concerns and the rapid depletion of resources
have become alarming challenges. Fossil fuel consumption has notably contributed to
environmental degradation, intensifying the need for clean and sustainable energy sources.
In this context, hydrogen emerges as a promising solution to meet the growing energy
requirements [1-3]. As an ecofriendly energy carrier, hydrogen offers a range of advantages,
including a high gravimetric energy density, zero emissions, and a renewable nature. Its
environmentally benign characteristics position it as a clean energy transporter [4]. With
its immense potential, hydrogen is expected to serve as a highly efficient alternative fuel
with diverse applications in the future. However, the development of highly efficient and
safe hydrogen transportation and storage technologies remains a subject of discussion
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and demonstration. Currently, high-pressure compressed hydrogen is the most commonly
employed storage technology, although concerns regarding safety persist. Among the three
primary techniques for hydrogen storage, namely compressed gas, cryogenic liquid, and
solid-state storage, only the former two methods have commercialized. Nevertheless, the
cost-effectiveness and safety considerations of hydrogen storage have led to significant
research efforts focusing on solid-state storage through the adsorption and/or absorption of
various materials and alloys [5,6]. The growing development of the new energy automotive
sector has spurred numerous studies on secure hydrogen storage. Porous materials, in-
cluding zeolites, metal-organic frameworks (MOFs), covalent organic frameworks (COFs),
and carbon-based materials (such as fullerenes, nanotubes and graphene), have received
considerable attention [7]. However, the low hydrogen storage capacity of zeolites and
porous silica, along with the low operating temperature (77K) of MOFs and COFs, pose
disadvantages for hydrogen storage [8,9]. As a result, 2D carbonaceous materials [10],
particularly graphene [11,12], have emerged as a topic of significant interest in the field
of hydrogen storage materials. Graphene offers exceptional specific surface area, struc-
tural stability, lightweight properties and rapid adsorption kinetics [13-15]. Despite the
relatively low hydrogen storage capacity of pure graphene (<1 wt% at room temperature),
which falls short of the U.S. Department of Energy (DOE) target of 5.5 wt% for onboard
applications by 2025 [16], it remains a subject of exploration and optimization for hydrogen
storage purposes. Some researchers confirmed that there is an increment in the hydrogen
storage capacity of graphene after being modified by metal atoms, clusters, or nanoparticles.
Palladium, platinum, and other precious metals have been widely studied and used to
enhance the hydrogen storage capacity of carbon-based materials owing to the hydrogen
spillover effect [17-19]. However, the high cost has inhibited the large-scale industrial
application of these precious metals. The spillover process in hydrogen storage involves
the dissociation of hydrogen molecules on the catalyst, migration of hydrogen atoms from
the catalyst to the substrate, and diffusion of hydrogen atoms on the substrate surface.
However, certain pure transition metal-decorated graphene materials face limitations due
to a high energy barrier. For instance, Psofogiannakis et al. [20] reported a migration barrier
of 2.6 eV from the Pt, cluster to graphene. This high migration barrier hampers the efficient
and thermodynamically favorable transfer of hydrogen atoms from the catalyst to the
carbon receptor, thereby impeding the spillover rate of hydrogen.

To reduce the reliance on precious metals such as Pd, the formation of Pd-based alloys
has emerged as an effective strategy. The introduction of alloying elements can alter the
hydrogen spillover effect and consequently modify hydrogen storage capacity. Guo et al.
conducted research on the highest occupied molecular orbital (HOMO) of Penta-Graphene
(PG) decorated with Nig, Pd4, and NipPd;. Their findings revealed that the orbit of Ni
overlaps with that of Pd, resulting in a decrease in the electric field of the NipPd; cluster
compared to Niy and Pdy. This decrease leads to a reduction in hydrogen adsorption
energy [21]. In another study by Wu et al., a systematic comparison of the properties of
Pd¢Niy and Pd4Nig was conducted [22]. It was observed that the migration of electrons
between Pd and Ni caused the D-band center of Pd to shift downward. Our previous
research demonstrated that P doping improves the electronic structure of Pd, resulting in
a downward shift of the D-band center. This, in turn, weakens the adsorption energy of
materials for Hy, lowers the diffusion energy barrier of H atoms, and promotes hydrogen
spillover, thereby enhancing hydrogen absorption and desorption capacity [23]. Based on
this understanding, the design and synthesis of Pd-Ni alloys hold promise for improving
hydrogen storage performance by adjusting the D-band center.

Moreover, despite extensive research efforts in the field of hydrogen storage, the devel-
opment of efficient onboard hydrogen storage systems still poses significant scientific and
technological challenges. To address this issue, we have conducted a comprehensive inves-
tigation, taking into account previous experimental and computational studies towards
the development of an economically viable graphene-based hydrogen storage material. In
our study, we successfully synthesized the material using a solvothermal method, wherein

242



Inorganics 2023, 11, 251

3o0f11

palladium (Pd) was incorporated to partially replace nickel (Ni). Notably, the utilization of
ethylene glycol as the hydrothermal solvent resulted in the coexistence of Ni and Pd in the
final material. Concurrently, some Pd atoms infiltrated the Ni lattice, forming a NiPd alloy.
Our findings reveal that the NiPd-rGO material exhibits a remarkable maximum hydrogen
storage capacity of 2.65 wt% under mild conditions, specifically at 4 MPa and 298 K.

2. Material Preparation
2.1. Obtaining NiPd-rGO at Different Hydrothermal Temperatures

The experimental procedure commenced by dispersing 100 mg of graphene oxide (GO)
powder in a mixed solution comprising 30 mL of ethylene glycol and 30 mL of de-ionized
water. To this mixture, 78 mg of PA(OAc); and 150 mg of NiCl,-6H,O were added. The pH
of the solution was adjusted to 12~13 using an appropriate amount of KOH. The resulting
solution, containing the dispersed components, was transferred to a 100 mL Teflon-lined
reaction kettle, sealed, and placed in an oven. The temperature of the oven was sequentially
raised to 160 °C, 180 °C and 200 °C, allowing the hydrothermal reaction to proceed for 12 h
at each temperature. After the hydrothermal reaction was completed, the resulting black
solution was left undisturbed for 6 h. The supernatant was carefully decanted, and the
remaining material was subjected to repeated washing with deionized water using suction
filtration until the pH reached a neutral level. Subsequently, the material was freeze-dried
for 12 h, resulting in the formation of a black powder. To further enhance the material, the
obtained black powders underwent a heat treatment process at 500 °C for 1 h under a 10%
H,/ Ar atmosphere, employing a heating rate of 5 °C/min. This final treatment led to the
formation of NiPd-rGO, the desired product of the synthesis process.

2.2. Computational Methodology

For this study, a NiPd; cluster and a graphene slab consisting of sixty carbon atoms,
along with a single attached oxygen atom (rGO), were employed. To prevent interac-
tions between neighboring layers, a vacuum layer with a thickness of 15 A was added in
the Z-direction. The formation of single-vacancy-reduced graphene oxide (SVrGO) was
achieved by removing a carbon atom from the center of the graphene sheet and attaching
an oxygen atom to the resulting vacancy, resulting in a graphene sheet with fifty-nine
atoms. Subsequently, the structure was optimized to attain a stable configuration. Density
Functional Theory (DFT) was employed as the computational method in this study. It
allowed for the calculation of important parameters such as the binding energy between
the NipPd; cluster and SVrGO, as well as the adsorption energy of hydrogen (H;) on the
composite material. Vienna Ab initio Simulation Package (VASP) was used to perform
the calculations. The exchange and correlation interactions were described using gener-
alized gradient approximation (GGA) in the form of the Perdew—Burke—Ernzerhof (PBE)
functional. The calculations used a Brillouin region of 5 X 5 x 1 as the k-point value, and
the geometry optimization structure was obtained by relaxation until the force on each
atom was less than 0.02 eV /A, and the convergence criterion for energy was chosen as
1 x 10~* eV. The cutoff energy was 450 eV, and all calculations considered spin polarization.
The converged bond length for pristine graphene was determined to be 1.42 A which shows
that all the parameters used in this calculation are valid. The study employed an equation
to determine the adsorption energy of the cluster and slab:

E(B) = E(ClusterJrsubstarte) - E(substmte) - E(cluster) 1

where Ep) is the binding energy, E cjuster t substarte) 1 the total energy of a system, E g, pstarte)
is the total energy of slab and E (.}, is the total energy of cluster. The following equation
has been utilized for the adsorption energy of the H, molecule, taking into account the
vibration effect for a gas phase only, as it is nearly negligible for a solid system.

E(ads) = (E(H2+Cluster+substurte) + AZPE) - E(clusterJrsubstmte) - (E(HZ) + AZPE) 2)
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where E ) is the Hy adsorption energy, E(po i ciuster+substarte) 1S the total energy of a
system, E( justertsubstarte) 1S the total energy of the cluster-decorated substrate, E pp) is the
total energy of a single H, molecule and AZPE is the zero-point energy correction.

3. Results and Discussion

Figure 1 illustrates the X-ray diffraction (XRD) patterns obtained from the NiPd-rGO-X
(X' =160, 180, 200 °C) samples, synthesized at different hydrothermal temperatures. A
comparison with standard PDF cards allowed for the identification of a biphasic structure
within the material, indicating the coexistence of Pd and Ni phases. The peaks observed at
40.2°, 46.8°, 68.3°, 82.4° and 86.9° correspond to Pd (111), Pd (200), Pd (220), Pd (311) and
Pd (222), respectively, as per the PDF database. Of particular interest, the peaks associated
with Ni (PDF#70-1849) exhibited a noticeable shift towards lower angles, implying the
incorporation of Pd atoms into the Ni lattice, thereby forming a NiPd alloy [24]. This
observation is evident from the shift of the Ni (111) diffraction peak towards smaller angles,
indicating an expansion of the nickel unit cell due to alloying with palladium. The XRD
peaks change with the variation in temperature. At 160 °C, the material predominantly
exhibits a split phase composed of palladium and nickel. The XRD analysis indicates that
the nickel content within the palladium lattice is relatively low, and correspondingly, the
palladium content within the nickel lattice is also relatively small. As the temperature
is increased to 180 °C, there is an augmentation in the quantity of palladium integrated
into the nickel lattice, leading to the formation of a greater number of palladium-nickel
alloys with nickel as the primary phase. Subsequently, at 200 °C, the amount of nickel
incorporated into the palladium lattice increases, resulting in the transformation of the
material into a palladium-nickel alloy with palladium as the principal phase. Moreover, the
shift in the position of the XRD peaks can serve as evidence. At 160 °C, the phase exhibits
closer proximity to our palladium and nickel composition. At 180 °C, the palladium content
within the nickel lattice notably increases, leading to a greater shift in the peak position.
Finally, at 200 °C, the position of the nickel peak shifts in the opposite direction, while
the peak shift of palladium becomes more pronounced. This finding suggests a higher
proportion of Ni alloyed with Pd in the sample synthesized at 180 °C, indicating that
180 °C may be the optimum hydrothermal temperature for the synthesis of NiPd. The
higher proportion of Ni in the NiPd alloy synthesized at 180 °C is particularly significant
as Ni is more cost-effective than Pd. Therefore, the increased proportion of Ni offers a
promising avenue for achieving a cost-effective hydrogen storage material in the NiPd
alloy synthesized at 180 °C.
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Figure 1. (a) XRD patterns, (b) Raman spectra of NiPd-rGO-X (X = 160, 180, 200 in °C) prepared at
different hydrothermal temperatures.

In order to investigate the presence of defects within the materials, Raman spec-
troscopy was employed to analyze the NiPd-rGO-X samples (where X represents the
hydrothermal temperature of 160, 180, and 200 °C), as illustrated in Figure 1b. The obtained

244



Inorganics 2023, 11, 251

50f11

spectra for all three samples exhibited the presence of the D-band and G-band. The D-band,
positioned at 1340 cm ™!, corresponds to the disordered hybridization of sp? [25], while the
G-band, observed at 1580 cm !, is associated with the stretching of the C-C bond within
the graphene material. Furthermore, upon conducting calculations, it was discovered that
the NiPd-rGO-160 sample exhibited the highest Ip/Ig ratio, measuring 0.88. It is worth
noting that the Ip /I ratio tends to decrease as the hydrothermal temperature increases.
Consequently, the NiPd-rGO-200 sample displayed the lowest Ip/Ig ratio, amounting
to 0.85.

To examine the distribution of nanoparticles on the materials, field emission scanning
microscopy (FESEM) was utilized to investigate the morphologies of the NiPd-rGO-X
samples. The findings, depicted in Figure 2, demonstrate a uniform distribution of NiPd
nanoparticles on the graphene surface. The grain size of these nanoparticles ranges from 5
to 45 nm, exhibiting a normal distribution pattern. A detailed analysis of Figure 2 indicates
that as the hydrothermal temperature increases, the size of the nanoparticles loaded on the
graphene surface tends to decrease. However, it is worth noting that beyond a temperature
of 180 °C, the size variations become insignificant, thereby further corroborating that 180 °C
represents the optimal hydrothermal temperature. Moreover, an interesting observation is
made with the increase in hydrothermal temperature, wherein some larger particles present
in the NiPd-rGO-160 sample disappear. In the NiPd-rGO-200 sample, the particle size
distribution falls within the range of 5-40 nm, exhibiting a narrower distribution compared
to that observed in NiPd-rGO-160.
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Figure 2. SEM images ((a) = NiPd-rGO-160, (¢) = NiPd-rGO-180, (e) = NiPd-rGO-200) and particle
size distribution ((b) = NiPd-rGO-160, (d) = NiPd-rGO-180, (f) = NiPd-rGO-200) of NiPd-rGO-X (X =
160, 180, 200 in °C) prepared at different hydrothermal temperatures.

The specific surface area and pore size distribution of the NiPd-rGO-X material were
determined through N, isothermal adsorption—-desorption tests conducted at a temperature
of 77K. Figure 3a,b display the N, adsorption-desorption isotherms and pore size distribu-
tion curves of NiPd-rGO-X, respectively. It is evident that the N; adsorption—desorption
isotherms of all three samples exhibit the characteristic features of type-IV adsorption
isotherms, suggesting the presence of a mesoporous structure within the material. The ob-
served hysteresis in the isotherms further supports the existence of mesopores. Among the
samples, NiPd-rGO-200 exhibited the highest specific surface area, measuring 137.89 m?/g.
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It is noteworthy that the specific surface area demonstrated a decreasing trend as the
hydrothermal temperature was reduced, which could be attributed to the exfoliation of
graphene layers at higher temperatures. The average pore diameter of NiPd-rGO-X was
determined to be approximately 2.5 nm, indicating a similarity in the pore structure among
the three samples. Nevertheless, the pore volume diminished with decreasing hydrother-
mal temperature, consistent with the variation in specific surface area, thus suggesting a
correlation between pore volume and surface area.
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Figure 3. (a) Nj isotherm adsorption—desorption curves, (b) pore size distribution of NiPd-rGO-X
(X =160, 180, 200 in °C) prepared at different hydrothermal temperatures.

The X-ray photoelectron spectroscopy (XPS) technique was utilized to investigate
the surface state of the samples in detail. Figure 4 showcases the XPS spectrum of NiPd-
rGO-X. Upon analyzing the survey spectra, distinct peaks corresponding to C, O, Pd and
Ni are observed. In the 1s spectrogram of C, the peaks at 284 eV, 284.8 eV and 286.3 eV
correspond to the C=C bond, C-O bond and C=0 bond, respectively. These peaks indicate
the presence of incompletely reduced oxygen-containing groups in rGO, thus reflecting
its surface composition [26]. Moving on to Figure 4c, it is observed that the peaks at
335.1 eV and 340.2 eV correspond to the 3ds  orbital and 3d3, orbital of Pd©, respectively.
Additionally, the peaks at 336 eV and 341.5 eV correspond to the 3ds/, orbital and 3ds,,
orbital of Pd!, respectively. This indicates the coexistence of Pd in different oxidation
states, suggesting the formation of PdO [27]. Notably, in comparison to Pd-rGO, the peak
of Ni-Pd-rGO shifts towards a higher binding energy, indicating a change in the chemical
state of the Pd atom. This forward movement suggests electron transfer from Pd to Ni after
alloying, leading to a decrease in the center of the D-band [28]. The downward shift of
the D-band center corresponds to a reduction in the adsorption of H by metals, thereby
promoting hydrogen spillover and improving the hydrogen storage performance of the
materials. Lastly, as depicted in Figure 4d, the peaks at 853.0 eV and 871.1 eV are associated
with Ni, while the peaks at 855.5 eV and 873.1 eV are attributed to N s indicating the
oxidation of Ni on the surface of the sample.

The hydrogen adsorption kinetic curves of NiPd-rGO-X at a pressure of 4 MPa and
temperature of 298 K are illustrated in Figure 4a. The measured hydrogen storage capacities
of the NiPd-rGO-160, NiPd-rGO-180, and NiPd-rGO-200 samples are 2.60 wt%, 2.65 wt%
and 2.63 wt%, respectively, indicating their close proximity as shown in Figure 5. The
marginally higher hydrogen storage capacity observed in the NiPd-rGO-180 sample can be
attributed to the enhanced alloying degree of NiPd, resulting in a more efficient hydrogen
spillover effect compared to the Pd and Ni single phases. Notably, the NiPd-rGO-180
material exhibits the highest hydrogen storage capacity (2.65 wt%) among the Ni-rGO, Pd-
rGO and NiPd-rGO materials. This remarkable improvement is ascribed to the synergistic
effect of rGO and PdNi, which alters the diffusion behavior of hydrogen molecules within
the composites. Specifically, the PdNi alloy particles act as activation centers, facilitating
the decomposition of hydrogen molecules into hydrogen atoms. These atoms are then
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stored within the surface defects of graphene, thereby enhancing the overall hydrogen
storage capacity of the material. This phenomenon is consistent with the findings of other
researchers, who have reported on the higher affinity of defects for hydrogen adsorption

from other surface sites [29,30].
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Figure 4. XPS spectra of NiPd-rGO-X (X = 160, 180, 200 in °C) prepared at different hydrothermal
temperatures: (a) survey spectra, (b) C 1s, (c) Pd 3d and (d) Ni 2p orbitals.
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Figure 5. (a) Hydrogen adsorption kinetic curves and (b) hydrogen storage capacity at 4 MPa/298 K
of different samples.

Following the optimization of the graphene slabs, as well as NiyPd; clusters, the
cluster was placed onto rGO and SVrGO, where the cluster of the Ni,Pd, was tested in
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different orientations and is presented in Figure 6. To evaluate the stability of NipPd; on
different graphene surfaces, the binding energies were determined using Equation (1),
and the findings of our study suggest that the cluster is supported on rGO (with no
defects) with three different orientations as shown in the following: Figure 6a, Pd atoms
attached to carbon having a binding energy of —1.03 eV; Figure 6b, Ni atoms attached to
carbon having a binding energy of —2.60 eV, which is higher than the former case due to
bonding of the oxygen atom with the Ni atom; and Figure 6¢, Pd and Ni atoms attached
to carbon having a binding energy of —1.1 eV, which do not seem to be suitable materials
for hydrogen storage. This is attributed to lower binding energy which can cause metal
atoms agglomeration which reduces the hydrogen storage capacity. As we know, during
metal-metal interaction, metal atoms tend to cluster together, resulting in larger clusters
rather than being evenly dispersed on the substrate. This clustering phenomenon is much
stronger than the cluster-substrate interaction, which minimizes the efficiency of hydrogen
molecule interaction.

(d)

Figure 6. The side view of optimized structures of Ni,Pd; cluster supported on rGO (a—c) and SVrGO
(d—f) substrates.

Moreover, the desorption of metal-hydrogen complexes competes with the desorption
of H, from pure graphene, further hindering the overall hydrogen storage process [31]. To
address these issues, defect modifications have been employed as techniques to enhance the
interaction between graphene and hydrogen molecules. Conversely, the binding energies
of NipPd, supported on SVrGO with three different orientations are shown in the following:
Figure 6d, Pd atoms attached to carbon vacancy having a binding energy of —4.72 eV;
Figure 6e, Ni atoms attached to carbon having a binding energy of —6.61 eV; and, finally,
Figure 6f, Pd and Ni atoms attached to carbon having a binding energy of —5.17 eV.
Therefore, these substrates are not conducive to clustering. The results of our study also
highlight the significance of defects in the graphene slab, as they significantly increase the
binding energy between the transition metal cluster and the substrate. Our calculations
indicate that the binding energy is approximately four times higher with the introduction
of defects, which is consistent with previous findings reported by Kim et al. [32]. This
increase in binding energy not only enhances the hydrogen storage capacity of the system
but also addresses the challenge of complex hydride desorption during hydrogen molecule
release [31]. By effectively increasing the binding energy, the presence of defects in the
graphene structure offers a promising solution for improving hydrogen storage capabilities
and overcoming the issue of complex hydride desorption.

In order to calculate the adsorption energy of the H, molecule, Equation (2) was
applied which considers the vibration effect only for the gas phase since it is almost
negligible for a solid system. The optimized structures and corresponding calculated
adsorption energies of single Hy molecules adsorbed on Nip;Pd,-rGO and NipPd;-SVrGO
at different positions within the orientation of the cluster are illustrated in Figure 7. The
adsorption energies with negative values in Figure 7 indicate favorable adsorption, as they
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signify the attraction of Hy molecules toward the cluster. Upon structural optimization,
the H-H bond underwent relaxation, resulting in bond lengths ranging from 0.83 A to
0.88 A, and adsorbed H, molecules exhibited an increase in bond length on all materials as
compared to the free H, bond length of 0.75 A. However, when compared to an isolated
H, molecule, the stretching of the H-H bond length was found to be minimal, with a
difference of less than 0.3 A [33], indicating non-dissociative chemisorption or “molecular”
adsorption of Hp, with the association between the H, molecule and the Ni and Pd atoms
resulting from Kubas-type interaction. Additionally, the bond length between Ni and H
varies between 1.56 A and 1.64 A, and the bond length of Pd and H varies between 1.72 A
and 1.79 A. As shown in Figure 7, it is observed that the adsorption energies are different
from each other, which means that the orientation of the cluster and defects in the slabs
alter the adsorption energy of the Hy molecule. Successful hydrogen storage under ambient
conditions requires an adsorption mechanism that falls between physical and chemical
adsorption, with previous studies recommending an adsorption energy range of —0.20 to
—0.60 eV [34], which is consistent with the adsorption energies observed in this study. All
materials fall within this range except Figure 7(e, g), indicating their potential for hydrogen
storage.

(b)

- 0.53 eV/Hz = 0.49 eV/H;

- 0.78 eV/H; - 0.46 eV/H,

Figure 7. The side view of optimized structures of H, adsorbed on different sites on NiyPd, cluster
supported on rGO (a-d) and SVrGO (e-h) substrates.

4. Conclusions

In this study, we employed the hydrothermal method to synthesize NiPd-rGO, aim-
ing to develop a novel hydrogen storage material with improved capacity at moderate
operating conditions and reduced cost. The obtained material exhibited a higher hydrogen
storage capacity of 2.65 wt% (at 4 MPa and 298 K) compared to its Ni-rGO and Pd-rGO
counterparts. This enhanced capacity can be attributed to the synergistic effect between the
alloy particles and rGO. The process of alloying induced changes in the electronic structure
of Pd, leading to a decrease in the center of the D-band. Consequently, the adsorption
of hydrogen on the metal surface weakened, promoting the hydrogen spillover effect.
Additionally, we investigated the binding energies with different orientations. The range of
binding energies was found to be —1.03 to —2.60 eV for NipPdy-rGO and —4.72 to —6.61 eV
for NipPd,-SVrGO. These results indicate that the introduction of defects into the graphene
substrate enhances the interaction between the supported cluster and the substrate, thereby
improving the stability of the material and reducing the likelihood of transition metal atom
agglomeration. The calculated adsorption energies fell within the ideal range of —0.20 to
—0.60 eV, which is conducive to efficient hydrogen ad/desorption processes. Furthermore,
the introduction of defects in the substrate and the orientation of the supported cluster
were found to influence the hydrogen adsorption energy. These findings contribute to
the advancement of hydrogen storage technologies and pave the way for the design and
optimization of graphene-based materials with superior hydrogen storage properties.
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Abstract: To mitigate the effect of CO, on climate change, significant efforts have been made in the
past few decades to capture CO,, which can then be further sequestered or converted into value-
added compounds, such as methanol and hydrocarbons, by using thermochemical or electrocatalytic
processes. However, CO, capture and conversion have primarily been studied independently,
resulting in individual processes that are highly energy-intensive and less economically viable due to
high capital and operation costs. To enhance the overall process efficiency, integrating CO, capture
and conversion into a single system offers an opportunity for a more streamlined process that can
reduce energy and capital costs. This strategy can be achieved by employing dual function materials
(DFMs), which possess the unique capability to simultaneously adsorb and convert CO,. These
materials combine basic metal oxides with active metal catalytic sites that enable both sorption and
conversion functions. In this review paper, we focus on the recent strategies that utilize mixed
metal oxides as DFMs. Their material design and characteristics, reaction mechanisms, as well as
performance and limitations will be discussed. We will also address the challenges associated with
this integrated system and attempt to provide insights for future research endeavors.

Keywords: CO; capture; CO, conversion; dual function material; materials design

1. Introduction

With the concentration of carbon dioxide (COy) in the earth’s atmosphere increasing
at an unprecedented rate, climate change has become one of the most pressing challenges
of our time due to its adverse impact on environmental and ecological welfare, as reported
by the Intergovernmental Panel on Climate Change (IPCC) [1]. Addressing this issue
requires a comprehensive approach that encompasses CO, emission reductions, effective
CO; storage, and the sustainable utilization of CO, as chemical feedstock to close the carbon
cycle. Respectively, CO, capture and CO, conversion have garnered considerable attention
as potential solutions to mitigate its impact and, concurrently, create other value-added
products. These approaches are not only necessary to slow down global warming, but
also to offer economic opportunities across various industries [2,3]. Naims shows that the
economic feasibility for carbon capture and utilization (CCU) is specific to the technology;
that it depends on the process efficiency in using CO, as a cheaper alternative feedstock to
more expensive raw materials produced from fossil fuel [4].

Being primarily emitted from combustion processes, the strategies for CO, capture
are determined by several factors, such as its partial pressure, operating conditions, and
flue gas compositions. In general, there are typically three types of capture categories, as
illustrated in Figure 1, namely (1) pre-combustion, (2) oxyfuel combustion, and (3) post-
combustion, depending on the installation location [5]. A general comparison of their
advantages and disadvantages in terms of their energy requirement, costs, CO, recovery,
and limitations is presented in Table 1. Pre-combustion capture removes CO, before
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combustion is completed. It is typically integrated with a gasifier or reformer where syngas
is produced. Through the intermediate removal of CO,, H,-rich gas is obtained, which can
be further used for heat/power generation. Oxyfuel combustion employs either nearly-
pure oxygen environments for combustion, or chemical looping combustion (CLC), in
which solid oxides are used as oxygen carriers, resulting in a high concentration of CO,
that allows for more efficient and inexpensive separation. However, the combustion itself
would be relatively costly due to high oxygen purity demands. Lastly, post-combustion
capture removes CO, from the flue gas. It is considered the most established technology [5],
where it typically employs liquid amine absorption or solid adsorption. Due to the low CO,
partial pressure in the flue gas (ca. 10-15%), large volumes of gas, as well as large amounts
of energy and equipment size are required, making post-combustion capture processes
relatively expensive. For comparison, the mean capture cost from high CO, purity sources
via oxyfuel combustion ranges from USD 10 to USD 50 per ton of CO, mitigated, while
that from post-combustion flue gas amine scrubbing ranges from USD 50 to USD 120 [3].
Following its capture, high-purity CO, can be recovered via temperature or pressure swing
regeneration, after which it is compressed and transported for storage (e.g., geological
injection, mineralization) or further utilized or converted.

Precombustion CO, capture

m

Fuel ﬂ

Jir/O nygcn

Fuel o
Steam mm

Syngas
CO, H,, CO,

Capture
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Figure 1. Schematic diagram of CO; capture processes from different sources of combustion.

Table 1. Comparison of different CO, capture categories. Reproduced from ref. [6] with permission

from the American Chemical Society.

. Oxyfuel Post-Combustion
Category Pre-Combustion Combustion Amine Absorption Solid Adsorption
CO; recovery 92-93% 90-94% 90-98% 80-95%
Energy requirement low energy low energy high regeneration energy  high regeneration energy

Costs

less expensive moderately expensive

expensive expensive
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Table 1. Cont.
Post-Combustion
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complexity unit
high CO, concentration high CO, concentration  solvent degradation high pressure drop

high temperature easily poisoned by
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process ow CO; concentration impurities (NOy, SOx)
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CO, conversion technologies seek to transform the captured CO, into useful chemicals,
fuels, and materials. Although conversion processes may not directly lead to a net carbon
reduction, it enables a circular utilization of CO, wastes as feedstock, which may reduce the
overall carbon footprint of the corresponding chemical and fuel production, thus leading
to more environmentally friendly production processes, as shown in a case study of polyol
production for polyurethane [7]. A comprehensive review of sustainable CO, conversion
by incorporating a life cycle assessment (LCA) in various CO; conversion pathways has
been published by Artz et al. [8], who concluded that replacing energy-intensive feedstock
with CO; seems highly promising, particularly when being integrated with renewable
energy. In addition, as a C1 building block, the use of CO, may also create new, greener
synthetic pathways [9].

Despite significant progress having been made for CO, capture and CO, conversion
individually, numerous challenges remain for each technology, most notably the cost ef-
fectiveness and the process scalability. Generating high purity of CO, intermediates for
subsequent utilization requires a large amount of energy for CO, recovery, the regeneration
of the capture media, and the subsequent gas compression. The purified CO, stream then
needs to be transported to the location where it will be converted to the desired product,
thus further increasing energy demands. To address these issues, combining CO, capture
and utilization in an integrated system, where in situ conversion will also serve to regener-
ate the capture media in the same reactor, would be a potential solution to eliminate both
compression and transportation costs, thus making the whole process more economical and
efficient. For example, the total energy required to produce 1 metric ton of methanol from
separate direct air capture and hydrogenation reactions is about 49.4 GJ, out of which 27 GJ
is consumed in the CO; capture, recovery, and distribution steps. For comparison, to achieve
the same product yield, the integrated CO, capture and conversion (ICCC) system only
requires less than 50% of the total energy requirement, as reported by Freyman et al. [10].
Additionally, ICCC could also reduce capital costs by approximately 38%, as fewer unit
operations are required. Freyman et al. coined a term “Reactive Capture” to describe this
ICCC system, the concept of which is depicted in Figure 2. To make this system work
effectively, the optimization of the reaction conditions, the tuning of the material properties,
as well as designing an appropriate reactor system configuration are necessary to ensure a
good ICCC performance with good product selectivity and catalyst stability.

In this review paper, we will focus on the development of mixed metal oxides (MMO)
as dual function materials (DFMs). To perform both CO; capture and CO, conversion,
DEFMs typically are synthesized as a combination of a CO, sorbent and a catalytic compo-
nent. In the presence of CO, and other secondary reactants (e.g., Hp, for the methanation
of CO,), the sorbent component first captures CO;, which then reacts with secondary
reactants on the active catalytic sites, converting it into final products [10]. A schematic
diagram of ICCC with DFMs is illustrated in Figure 3. The efficiency of the DFM would
therefore depend on the CO, capture capacity and selectivity, as well as its catalytic ac-
tivity. Among various solid sorbents, the choice of metal oxides, particularly alkali and
alkaline earth oxides, as the sorbent component of a DFM, is convenient, in that the cat-
alytic component would typically also be a transition or noble metal, which can be facilely
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incorporated into the DFM during its synthesis, such as via co-precipitation or incipient
wetness impregnation.

@O RENEWABLE ENERGY

GREENHOUSE GAS MITIGATION

Flue Gas Ambient Air Bio Gas

/ Conversion of CO;
to useful products

—Fuels
~Chemicals
~Materials

Co-reactant

i

PRODUCTS

e

Figure 2. Integrated CO, capture and conversion system (Reactive Capture, bottom) in comparison
with separate processes. Reprinted from ref. [10] with permission from Elsevier.
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Figure 3. Schematic diagram of integrated CO, capture and conversion using DFMs.

To give an overview of the recent trends in this field, we have carried out a literature
search on the Web of Science database with the following keywords:

“dual function material” AND “CO; capture” AND “CO, conversion”
“dual function material” AND “CO, capture” AND “CO, utilization”

It was found that about 60 relevant papers were published in the span of 10 years,
between 2012 and 2022. Farrauto et al. were among the pioneering research groups
who first published their work on the development of a DFM in 2015, which comprised
ruthenium as the methanation catalyst and nano-dispersed CaO as the CO, sorbent, which
are both supported on a porous y-Al,Oj carrier [11]. The synthesized material was able to
adsorb CO; and convert it in the same reactor into synthetic natural gas by using H; gas
as the co-reactant at 320 °C. Upon the introduction of steam into the reactor, the material
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showed a stable methanation performance with more than 99% CHy purity after 20 cycles.
The initial success of this experiment has since gathered increasing interests to explore DFM
systems, as indicated by the increasing number of publications in recent years (Figure 4).
We have seen efforts being made to improve the CO, capture capacity, conversion, and
selectivity while reducing the precious metal content. The first review paper on DFMs
was published in 2019 by Melo Bravo and Debecker [12], which focused on combined CO,
capture and methanation, followed by several others in 2020 [6] and 2021 [13-16]. The
highlights of these review papers are summarized in Table 2.

30 -
25 4
20 A
15 -
10

2015 2016 2017 2018 2019 2020 2021 2022
Year

Figure 4. Annual number of publications in the field of dual function materials for integrated CO,

capture and conversion (2015-2022).

Table 2. Summary of the published reviews on dual function materials (DFMs) for integrated CO,
capture and conversion.

Authors Year Brief Description Reference
Melo Bravo and Debecker 2019 Eérly review of DFMs with fo.cus on CO; methanation reaction and [12]
different types of reactor configurations
Overview of oxide- and carbonate-based CO, adsorbents
Investigation of the active metals, material characteristics, and reaction
Omodolor et al 2020 conditions for Ni-, Ru-, and Rh-based DFMs in CO, methanation, DRM, [6]

and RWGS reactions

Brief discussion on hydrotalcite-supported Fe-Cr-Cu catalyst as well as
promoted Cu supported on alumina for syngas production

Merkouri et al.

Chronological review of advances in DRM, RWGS, and CO, methanation,
2021 as well as evaluation of the reaction mechanism of DFMs, by relating their [13]
performances with their physicochemical properties

Sun et al.

Investigation of the process parameters and adsorbent-catalyst interaction
2021 on high-temperature CO, capture combined with in situ DRM, RWGS, and [14]
methanation reactions

Sabri et al.

Environmental and economic evaluation of CO, capture and utilization
process integration, as well as catalyst development for CO, conversion in
various systems, such as photocatalysis, electrocatalysis, and
thermocatalysis

2021 [15]

Lietal.

Discussion on the performances of dual-function oxide particles for CO,

2021 capture integrated with DRM, CO, hydrogenation, and chemical looping

[16]

DRM: dry reforming of methane; RWGS: reverse water—gas shift.

To continue building upon the previous reviews, herein we aim to cover the latest
developments on the application of DFMs that employ solid metal oxides for ICCC, par-
ticularly from 2021-2023. We will begin our discussion by first giving an overview of
the principles of CO; capture with metal oxides as solid sorbents, as well as the catalytic
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conversion of CO; from thermodynamic and material perspectives, followed by the typical
synthetic methods of DFMs. Thereafter, the performance of various DFMs in ICCC systems
will be further assessed for key reactions, such as methanation, RWGS, and DRM, by
evaluating key metrics such as the CO; capture capacity, selectivity, reaction conversion,
and stability. We will correlate these metrics with material design parameters, such as
the types of metal oxides used as adsorbents, metallic active sites as catalysts, and the
synthetic methods. Mechanistic studies on the molecular interaction between CO, and
the adsorption and catalytic active sites will also be presented to shed some light on the
relationship between the materials’ physicochemical properties and their performance.
As a conclusion, we will present our perspectives, as well as an outlook on the future
opportunities with the emerging technologies of ICCC with DFMs.

2. Metal Oxides as Sorbents for CO, Capture

Various CO, capture methods have been extensively studied and explored, and several
excellent reviews have been recently published [17-28]. An overview of these technologies is
presented in Figure 5, among which, liquid absorption in organic amines, such as methanolamine
(MEA) and n-methyldiethanolamine (MDEA), have seen the most implementation in large
demonstration plants worldwide [29] due to its high absorption capacity. However, this system
requires a high energy consumption for amine regeneration, which is prone to degradation. It is
also highly corrosive, thus leading to high operating and capital costs.

CO2 capture technologies

= Physical: Selexol, Rectisol, Purisol, Fluor, lonic liquid
* Chemical: Organic amines (MEA, DEA), Ammonia, Sodium hydroxide

Absorption

Activated carbon, zeolites, mesoporous silica

Adsorptlon Hydrotalcites, MOFs, COFs, Amine functionalized adsorbents

WEpl e« Gas separation: Amine-functionalized membrane, ceramic membrane
system Gas-liquid contactor: Polypropylene, PVDF, PTFE

Calcium Carbonation (600-700 °C) : Ca0 + CO, — CaCO4
looping Calcination (800-900 °C) : CaCO; — Ca0 + CO,

tetra-n-butyl ammonium  bromide Microbial

Hydrate (TBAB), SDS, EGME Cryogenic

separation

Figure 5. Overview of CO, capture technologies.

As potential alternatives to liquid absorption, solid sorbents, such as zeolites [30], hydro-
talcites [17,20,31,32], magnesium oxides [33-36], metal organic frameworks (MOFs) [23,37],
and porous organic polymers (POPs) [38—40], have been studied extensively due to their
easy regeneration and tunable pore size and surface properties. Given their wide variety, the
suitability of solid adsorbents depends on their application temperatures, typically ranging
from low temperatures (<200 °C) for MOFs, POPs, and zeolites to medium temperatures
(200400 °C) for hydrotalcites and MgO-based sorbents. An overview of commonly used
solid sorbents and their typical application temperatures is presented in Figure 6.

In principle, their CO, capture capability primarily relies on the physical adsorption
of CO, without forming a chemical bond. Physisorption is typically mildly exothermic
(—25 to —40 k] /mol) and requires less energy for regeneration as compared to chemisorp-
tion processes. Owing to its exothermic nature, the adsorption of CO, decreases at a higher
temperature, making it more suitable for low-to-medium operating temperatures (<400 °C).
However, physisorption processes are usually less selective, leading to the adsorption of
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other gases, such as N, and water vapor, thus lowering the adsorption capacity of CO,,
which is the primary challenge that needs to be solved in order to scale up their application.
A common strategy to improve the CO, adsorption capacity is by increasing the basicity
of the materials via the incorporation of alkaline metals, such as K and Na, though their
amounts should be carefully studied as high metal loading may decrease the surface area
of the material. For example, for hydrotalcite-based materials, many attempts have been
made to modify Mg/ Al-based hydrotalcites with K [41-45], Na [43,46], and Cs [42,43,47],
with typical optimum K loading of about 20 wt% to achieve the maximum sorption capacity
at temperatures between 300 and 400 °C.

T T 7777777
@ A
SrO-based sorbents |- %' _—
4
e e—
CaO-based sorbents |- & = 7
Li-/Na-based sorbents [ § —— "
s
)
Mo-tessdootents I T — b i enreadsedesrice
— —
Hydrotalcite-like compounds [ e =
; i — I CO, sorption | |
Alkali carbonate-based sorbents E== I O, desorpton
Zeolites | __ -
Carbon-based sorbents - - &
Supported solid amines | _— 3
" e
Metal organic frameworks (MOFS) I* mes low-temperature sorbents ™
Liquid amine-based solvents [ = - =
A 1 i i i 1 M i i 1 M M i 1 i i i 1 i i i L i i i 1
0 200 400 600 800 1000 1200

Temperature range (°C)

Figure 6. Overview of commonly used solid sorbents and their typical application temperatures.
Liquid amine system is shown as the basis for comparison. Reprinted from ref. [25] with permission
from the American Chemical Society.

On the other hand, for high-temperature CO, adsorption (see Figure 6), calcium
looping has been found to be a promising technology [25,48]. It utilizes CaO to react with
CO; to form calcium carbonate (carbonation), which can be calcined back to CaO for reuse,
while recovering high-purity CO,, as shown in Equation (1).

CaOyg) + COy(y) <> CaCO3 () AHSggx = —178£ (1)
(s) 2(g) 3(s) 298K mol

Owing to its low cost and high theoretical sorption capacity of up to 78.6 wt%
(17.8 mmol CO, /g sorbent), CaO has been extensively studied, and a pilot scale of this
technology has been implemented in cement production [49,50]. An economic feasibility
study by MacKenzie et al. shows that calcium looping is highly competitive with liquid
amine-based systems [51]. However, to fully realize the industrial applications of the
CaO sorbent, its material stability upon prolonged use at a high temperature needs to be
improved as it is susceptible to sintering and surface carbonate poisoning [52], which may
significantly decrease its CO, sorption capacity and limit its recyclability over time.

Extensive amounts of work have been devoted to the study and development of
CaO-based sorbents for CO, capture, the kinetic and thermodynamic perspectives on the
mechanisms of CO; sorption, as well as methods to improve the performance of the sorbents
by mitigating their drawbacks [52-55]. The forward, highly exothermic carbonation of
CaO with CO, and the backward, endothermic calcination of CaCOj3 as described in
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Equation (1) occur at temperature ranges of 600-900 °C [53,55]. The calcination reaction
typically takes place at a higher temperature than the carbonation reaction. However,
at such temperature ranges, CaO-based CO, adsorbents may suffer from sintering, a
phenomenon of the agglomeration of adsorbent particles when operating temperatures
exceed the Tammann temperature (Tt), at which the mobility of the grains/crystallites in the
solid material becomes appreciable, leading to major changes in the particle morphology.
Given that Tt of CaCQOs is typically about 533 °C [56], CaO crystallite growth would
primarily occur during the calcination step of CaCOj3. As a result, particle sintering is
inevitable under repeated carbonation—calcination cycles [57].

Lysikov et al. studied the behavior of CO, uptake by different CaO precursors in a
series of carbonation—calcination cycles in the temperature range of 750-850 °C, where
they observed that post-calcination CaO does not fully re-carbonate, and that the amount
of unreacted CaO increases from cycle to cycle until it forms a rigid interconnected CaO
skeleton after multiple cycles, as shown in Figure 7 [58]. They, therefore, proposed a model
in which, upon repeated cycles, small unreacted CaO grains agglomerate, grow into larger,
denser clusters, and ultimately form a stable, non-porous recalcitrant CaO skeleton that is
resistant to further sintering, as illustrated in Figure 8.

gaa

Figure 7. SEM images of the fresh CaO precursors: (a) MC, (¢) MD, and (e) CP; and of the sorbents
after carbonation—calcination cycles: (b) MC (211 cycles), (d) MD (86 cycles), and (f) CP (136 cycles).
MC: monocrystal-derived sample, MD: monodispersed particles, CP: commercial powder. Reprinted
from ref. [58] with permission from the American Chemical Society.
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Figure 8. An illustration of the sintering process—blue spheres represent CaO-based adsorbent
particles, and the green layer represents the formation of CaCOj3. Adapted from Lysikov et al. [58].

The sintering phenomenon shows to be destructive to the internal structure of the
CaO-based sorbent, as it significantly reduces the particle surface area and pore volume
due to the large, non-porous aggregate formation, which will eventually adversely affect
the CO; sorption capacity with each carbonation—calcination cycle [59].

The common method of investigating the CO, sorption capacity of an adsorbent is
thermogravimetric analysis (TGA), as depicted in Figure 9, which records the adsorbent’s
mass increase during carbonation and mass decrease during calcination. It can be seen that
CO, uptake drastically decreases in the first few cycles, as reflected by the rapid decline
of the sample weight after repeated carbonation—calcination reactions. CaO conversion
to CaCOj3 decreased from an initial conversion of about 60% to a residual conversion of
about 7-8%. This observation is in agreement with the model proposed by Lysikov et al.
where the unreacted fraction of CaO increases with every cycle and only the outer layer
of the non-porous recalcitrant CaO skeleton is carbonated, leading to a relatively constant
residual conversion after sufficient cycles.
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Figure 9. The profile of weight change vs. time for repeated calcination/carbonation cycles of
limestone (CaCO3). Calcination temperature is 850 °C; carbonation temperature is 650 °C. Reprinted
from ref. [59] with permission from the American Chemical Society.

Meanwhile, kinetic analysis reveals that CO, adsorption characteristically takes place
in two stages [52,54,55]—a fast, reaction-controlled stage, reflected by a spike in Figure 10
(first stage), followed by a slow, diffusion-controlled stage, reflected by a plateau in
Figure 10 (second stage). As illustrated in Figure 11, in the reaction-controlled stage,
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carbonation may occur wherever CO; molecules come into contact with the exposed CaO.
The rate of carbonation is then dependent on the rate at which CO, molecules reach the CaO
surface, which in turn might be affected by internal characteristics such as pore structures
and porosity. As the carbonation proceeds, a layer of CaCO3 forms on the unreacted CaO
particle. Following this, the reaction then transitions into the diffusion-controlled stage
where incoming CO, molecules must diffuse through the CaCOj layer to be in contact with
any unreacted CaO. Consequently, the rate of carbonation decreases drastically as it now

becomes limited by mass transfer.
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Figure 10. Typical carbonation—calcination cycle of CaO: (1) Fast carbonation stage, (2) Slow car-
bonation stage, and (3) Calcination step, as observed through thermogravimetric analysis (TGA).

Reprinted from ref. [60] with permission from Wiley-VCH.

CaCO; layer
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Diffusion-controlled stage: CO,
must diffuse through the CaCO5
layer to react successtully.

Reaction-controlled stage: carbonation can occur at any free surface.

Reaction progress

Figure 11. Illustration of the carbonation reaction mechanism of CaO. Adapted from Sun et al. [55]

with permission from Elsevier.

The observed phenomena above allow us to glean important governing principles in
the design of novel CO, sorbents, which can be incorporated into the synthesis of DFMs.
Firstly, an ideal sorbent should be resistant to sintering at the required sorption tempera-
tures to ensure its stability and prolonged use. In the case of CaO, metal supports such as
the oxides of Al [61-64], Mg [65-67], and YD [68,69], among many others, are commonly
employed. These supports enhance an adsorbent’s performance in numerous ways. For
instance, certain metal oxides with high Tt can be used to decorate CaO particles [67], as in
the case of MgO (Tt = 1276 °C), which helps enhance the stability of the material. Others
form stable oxides that disperse CaO particles and thus physically retard the sintering
process, as in the case of Yb,O3 [68]. Some other metals aid in dispersion by forming
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composite metal oxides with CaO, as in the case of CajpAl14033 and Caz Al,Og [64]. These
improvements allow supported sorbents to withstand severe reaction conditions while
retaining CO, sorption capacities.

Secondly, an ideal sorbent should have a high internal surface area to allow for large
sorption sites. The specific surface area measured via the Brunauer-Emmett-Teller (BET)
method and the pore size measured with the Barrett-Joyner-Halenda (BJH) model are two
common characteristics used to provide some insight into the internal morphology and
microstructure of a sorbent. Primarily, the choice of synthetic method strongly influences
the internal structures, and consequently, the specific surface area, of a sorbent [64]. Several
studies evaluate the effect of various preparation methods on the sorbent’s performance
and show that sol-gel methods and flame spray pyrolysis, for example, produce sorbents
with higher surface areas compared to those synthesized via simpler methods, such as the
co-precipitation or mixing of metal precursor solutions (e.g., metal nitrate solutions). The
choice of precursor chemicals seems also to influence the surface areas of a sorbent. It is
expected that different chemical species will have varying interactions with CaQO, giving
rise to a variety of internal structures by the end of the synthesis depending on the chemical
species present [55,70-72].

3. Overview of CO; Catalytic Conversion

Owing to its molecular structure, CO; is thermodynamically stable, as reflected in
Figure 12, which compares the Gibbs free energy of formation (AGY) for different carbon-
containing compounds. Having the highest carbon oxidation state and lowest Gibbs free
energy state, the chemical transformation of CO, will require considerable amounts of
energy and, therefore, can only be achieved under harsh reaction conditions, such as a high
temperature and pressure, leading to large energy penalties.
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Figure 12. Gibbs free energy of formation (AG%) for different carbon-containing compounds, includ-
ing that of Hy and H,O as common co-reactants. Reprinted from Ref. [73] with permission from the
American Chemical Society.

A strategy to make CO; transformation more thermodynamically favorable is by
reacting it with a co-reactant that has a higher Gibbs free energy. For instance, the direct
production of CO from CO; as a single reactant requires a large positive Gibbs free energy
change (Equation (2)), whereas reacting it with H, significantly reduces the Gibbs free
energy change of the reaction (Equation (3)). Consequently, most CO, transformations have
been carried out by using a co-reactant, usually H, to produce a wide range of products,

from small oxygenates to long-chain hydrocarbons.
K]

1
COs(g) = COy) + 5055 AGSog = 257.2 )
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— o k]
COy(g) + Hy(g) = CO(g) + HaO ) AG3ogi = 28.6m 3)

Another approach for a feasible process is through the addition of a solvent. For exam-
ple, the gaseous phase conversion of CO; to formic acid is thermodynamically unfavorable
(Equation (3a)), while conducting it in an aqueous phase in the presence of water makes
the reaction slightly exergonic (Equation (3b)) [73].

3]

COyg) + Hy(g) = HCOOH () AGggx = 32~9m701 (3a)

k]

COj(aq) + Ha(ag) 7 HCOOH 14 AGSysc = —4—

(3b)

Given its inertness, extensive research efforts have been focused on tackling the high
reaction energy barrier by designing more effective catalysts that convert CO, with good
activity, selectivity, and stability. These metrics are important in designing the catalytic
component of a DEM, which is usually in the form of supported noble metal or metal oxide
nanoparticles that serve as the active sites for CO; activation. The typical reactions include
the methanation of CO, (also known as the Sabatier reaction; Equation (4)) [74-76], a reverse
water—gas shift reaction (RWGS, Equation (5)) [77-79], and the dry reforming of methane
(DRM, Equation (6)) [80-82]. The resulting CO produced in the RWGS and DRM reactions
can be further hydrogenated to produce methanol (Equation (7)) or further converted
into long-chain paraffinic and olefinic hydrocarbons via Fischer-Tropsch synthesis (FTS,
Equation (8a—c)) [83-85].

CO; methanation : CO, + 4H, — CH, +2H,O; AHR = —165mk—(])1 (4)

Reverse water — gas shift (RWGS) : CO, + Hp; — CO + H,O; AHR = 41.2mk—(])1 (5)

Dry reforming of methane (DRM) : CO, + CHy4 — 2CO + 2Hy; AHR = 247.3mk—(])1 (6)
. o kJ

Methanol formation : CO + 2H, — CH3OH; AHR = —90.6m—01 7)

Fischer-Tropsch synthesis (FTS):

CO+ (21’1 + 1)H2 — CyHop o + nHO (8a)
nCO + 2nH,; — C Hy, +nH;0 (8b)
nCO + 2nH; — CyHpp 120 4 (n— 1)HO (8¢c)

Different types of transition metals are found to catalyze these reactions. For instance,
Ni is commonly used for methanation and DRM reactions, Cu for the RWGS and subsequent
hydrogenation to methanol, and Fe or Co for FTS. Owing to their low costs and high
abundance, they are usually favored over their noble metal counterparts. However, many
of these catalysts are prone to severe deactivation due to carbon deposition and sintering.
Additionally, product selectivity would be an issue as the above reactions may all occur in
parallel, which brings its complications, especially in industrial settings, where a certain
reaction may be preferred to another. For example, the production of methanol via the
RWGS pathway might be compromised by methanation occurring as an unwanted side
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reaction. Therefore, noble metals such as Ru, Rh, Pd, and Pt, though being more expensive,
have received considerable attention because of their resistance to deactivation as well as
high selectivity toward the desired products, which allow for more efficient downstream
processes [86-89].

Despite major progress having been made in the development of various catalysts,
significant challenges still exist in optimizing robust and economical catalysts with a
good catalytic performance that can be utilized on an industrial scale. Through the better
understanding of the reaction mechanisms, we can identify key descriptors that influence
the performance of the catalysts [90], which eventually determine the effectiveness of DFMs
in capturing CO, and catalyzing reactions.

4. Dual Function Materials: Synthetic Methods

A typical investigation into the sorption and catalytic performances of a metal oxide-
based DFM starts with the choice of the desired precursors. This depends largely on the
independent variables and the goals of the research, where some works aim to compare the
efficacies of various adsorbent components [91-93], some seek to elucidate the mechanisms
underlying CO,; sorption and conversion [94,95], and others seek to evaluate the real-world
applicability of DFMs by subjecting them to experiments that mimic realistic conditions.

The choice of adsorbent, catalytic components, and the support are known to influence
the quality and performance of the as-synthesized DFM. For example, in an investigation
by Bermejo-Lopez et al. [96], supported CaO and Na,CO3; on Al,O3 were used as the
adsorbent components of DFMs, with Ru as the catalytic metal. Various such DFMs were
synthesized with varying CaO or NapyCOj3 loadings. In general, higher adsorbent loadings
promote CO, adsorption and hydrogenation. However, since CaO exhibits stronger basicity
than NapyCOs3, the former exhibits higher CO; capture, as shown in Figure 13. Consequently,
the former requires higher calcination and hydrogenation temperatures, as compared to
the latter.
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Figure 13. Concentration distribution profiles during a CO, adsorption and hydrogenation cycle at
370 °C with Rul0CaO and Rul0NayCOs. Reprinted from ref. [96] with permission from Elsevier.

Upon deciding on the suitable precursors, the next step would be to employ an
appropriate method to synthesize the DFM. Several synthetic methods are already well-
known, which produce DFMs with certain desired characteristics, such as a high surface
area and porosity, homogeneous particle dispersion, and unique morphology, with each of
them having their respective benefits and disadvantages. A host of other factors also needs
to be considered in selecting a synthetic method, including time, material, and labor costs,
as well as ease of implementation, in addition to the typical structural characteristics. In
this section, we will explore four commonly used methods, presented in an approximate
order of their prevalence in the literature.
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4.1. Incipient Wetness Impregnation

Incipient wetness impregnation (IWI) is a well-known and highly popular synthetic
method for producing heterogeneous catalysts, and is, unsurprisingly, the method that is
employed in most of the works on DFMs [11,91-101]. IWI is favored for its ease of imple-
mentation and relatively low costs [102]. This procedure aims to impregnate adsorbent
and/or catalyst species onto a support by adding small amounts of adsorbent/ catalyst
precursor solution to a powdered support. The wet powder is then dried and may further
be subjected to thermal activation treatment, e.g., calcination or reduction. The process
is then repeated until the total volume of precursor solutions added equals the total pore
volume of the support [103]. The final product is ideally a porous material with adsorbent
and catalyst particles distributed throughout the surface area of the pores. Sietsma et al.
found that the pore size distribution and drying rate affect the redistribution of the particles
on the support, which eventually determines the final crystal size [102]. For supports
with large pore size distribution, a fast drying rate leads to a larger crystal size due to a
higher degree of particle redistribution. On the contrary, for supports with narrow pore
size distribution, the effect of the drying rate is minimal.

Since surface area is one of the determinants in designing an effective DFM, the
careful selection of the support materials, preferably ones with a larger surface area and
well-defined pore structures, is an important consideration in optimizing the properties
of DEMs after IWI post-treatment. Additionally, optimum loadings of adsorbent/catalyst
components should be considered as well.

4.2. Sol-Gel Method

In order to gain greater control over the particles’ morphology and porosity, sol-gel
synthesis is an alternative method that can reliably ensure the formation of microstructures
favorable to CO, capture, as well as uniform particulate dispersion and the minimal granu-
lation of adsorbent/catalyst particles, owing to its ability to produce a solid-state material
from a chemically homogeneous liquid precursor [104]. Sol-gel chemistry conventionally
involves the hydrolysis and condensation of metal alkoxides, with reaction rates depending
on the carbon length of the alkoxides (e.g., methoxide, ethoxide, propoxide, etc.) and the
solvent/alkoxide ratio. A major limitation of the alkoxide-based synthetic method is the
instability of the metal alkoxides itself, especially in the presence of water and moisture,
which makes it difficult to handle. As a result, alternative methods have been developed to
employ metal salts instead of alkoxides in aqueous solution, together with small organic
molecules as chelating agents, such as hydroxycarboxylic acids, to modify the hydrolysis
chemistry of metal ions in aqueous solution.

One of the most commonly used organic acids is citric acid. Given its low price and
wide availability, the sol-gel method with citric acid has been widely used to synthesize
various metal oxides, including binary and tertiary oxides [105]. The key feature of this
method is the formation of a metal-citrate complex, which ensures the homogeneity of
the starting liquid solution. The presence of a citrate organic matrix is believed to help
maintain the uniform mixing and dispersion of the metal ions on the atomic scale, resulting
in small crystallite sizes.

A modification to the citrate sol-gel method was developed by Pechini in 1967 [106],
where polyhydroxy alcohol, such as ethylene glycol, was added into the aqueous citrate
solution. This results in a polyesterification reaction, which forms a covalent polymeric
network that entraps metal ions [104], allowing two or more metals to be dispersed homo-
geneously throughout the network, as shown in Figure 14. The intermediate product here
is a brittle solid, which is subsequently subjected to thermal treatment, e.g., calcination, to
drive off organic components and obtain the final metal oxide powder [107].

Further variations and modifications have been made since Pechini’s initial proposi-
tion. For example, Pechini suggested metal oxides, hydroxides, and carbonates as possible
cation precursor choices, but due to a need to control the amount of organic material in the
final product, as well as economic reasons, nitrate salts have been a popular choice. Addi-
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tionally, a modified pathway that substitutes the polyhydroxy alcohol for water subverts
the esterification step and forms a gel-like substance instead.
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Figure 14. Formation of metal-organic gel via Pechini sol-gel synthetic method. Reprinted from
ref. [104] with permission from the Royal Society of Chemistry.

Representative works on DFMs synthesized via a sol-gel method exhibit an expected
degree of variability in terms of the synthetic pathways used. Nitrate precursors were
common, though we note a study by Radfarnia et al. that used calcium acetate and
aluminum isopropoxide as the metal cation precursors [108]. A study by Naeem et al.
used ethylene glycol for polyesterification [69], as in the original Pechini method, while the
aqueous citric acid variation is more common [109-111].

Notably, a study by Zhang et al. demonstrated that a sol-gel synthetic method
produces DFMs with superior CO, capture capacities in comparison with other methods
like co-precipitation and mixing [112]. Their study investigated the usage of CaO-based
DFMs in the oxidative dehydrogenation of ethane. The sorbent component was comprised
of ceria-doped CaO, which was synthesized via four methods—dry and wet mixing,
co-precipitation, as well as the modified Pechini method with nitrate precursors of the
calcium and cerium cations, and aqueous citric acid serving as the chelating agent. It was
found that the sol-gel method produced a sample with an initial CO, capture capacity of
0.58 g/g, almost five times higher than that prepared by the dry mixing method, which
exhibited an initial CO; capture capacity of 0.12 g/g. It was concluded that multiple
factors influenced the CO, capturing abilities of a particular sorbent. While the available
surface area is important, larger crystallite sizes severely impede the carbonation reaction
when a surface layer of CaCOj3 forms around the sorbent material, causing the carbonation
reaction to transit into the diffusion-controlled phase [52,54,55]. Therefore, a balance
between maximizing the surface area and optimizing the crystallite sizes is necessary for
ensuring excellent CO, capturing capacities, which can be obtained by fine-tuning the
sol-gel synthesis parameters.

4.3. Co-Precipitation Method

Co-precipitation is a widely employed method in heterogeneous catalysis to synthesize
materials such as mixed metal oxides [113,114]. The general method involves dissolving
the precursor chemicals for the adsorbent, catalyst, and /or support/promoter (typically
nitrate salts) in either deionized water or polar solvent under rigorous stirring to ensure
homogeneity. A precipitating agent, e.g., NaOH, NH4OH, etc., is then added dropwise to
induce precipitation. Subsequently, aging to enhance crystallinity is practiced, though not
necessary. The precipitate is collected via filtration followed by washing cycles in deionized
water or another solvent. Lastly, the precipitate is subjected to thermal treatment, e.g.,
calcination, to obtain the final product.

As a synthetic method, co-precipitation is straightforward and inexpensive. The mate-
rial’s stoichiometry can be easily controlled by using appropriate amounts of precursors
during the precipitation reaction. Depending on the aging conditions, adsorbents pro-
duced via this method typically exhibit a homogeneous particulate distribution with good
crystallite sizes. However, disadvantages of this method include generally lower surface
areas compared to adsorbents synthesized via IWI or sol-gel methods [105]. The process is
also fairly laborious, with repeated washing being commonly necessary. Further, Li et al.
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note that the structural properties of the resulting precipitate are sensitive and heavily
dependent on reaction conditions and equipment setup, which makes reproducibility an
issue [115].

Like the sol-gel pathways, there are several variations to the co-precipitation pro-
cedure. These include the types of precipitating agent, the solvent used to dissolve the
precursors and wash the precipitate, any mechanical assistance to the reaction (e.g., stirring,
sonication, microwave, etc.), as well as aging temperature and time, to enhance the crys-
tallinity via Ostwald ripening [114,115] at a high temperature, e.g., hydrothermal treatment.
With the careful selection and optimization of the reaction conditions, the wide variation
of methods under the family of co-precipitation procedures could be used to overcome
certain shortcomings or to reinforce certain desirable qualities in a DFM. For example,
Molina-Ramirez et al. synthesized a DFM comprising of a Ni-Ba unsupported catalyst
via a co-precipitation method assisted by sonication [116], where nitrate precursors were
used and ammonia was employed as the precipitant. The as-synthesized DFM showed
an exceptionally high BET surface area of 112 m? /g, though we note that colloidal silica
was used as a surface area promoter. Meanwhile, Karami and Mahinpey investigated the
effect of synthetic methods on several Ca-alumina sorbents [117], such as the precipitation
of a Ca salt solution onto colloidal gelled alumina, the co-precipitation of Ca and Al salt
solutions with NapCOj3 or sodium aluminate as the precipitants, and the physical mixing of
a Ca precipitate with a peptized alumina gel. It was found that co-precipitation produced a
sorbent with the poorest CO, uptake performance, possibly due to the low surface area
and porosity.

4.4. Mixing Method

The mixing of adsorbent/catalytic/support precursors under varying conditions to
produce a DFM precursor is arguably the simplest and most straightforward synthetic
method. However, it clearly lacks precision in terms of producing the most favorable
microstructures required for the ICCC process. Slightly varied methods of mixing exist
depending on the relative solubilities of the precursors used [53]. For example, the wide
usage of nitrate precursors as described in the preceding sections lends itself to facile
dissolution in water. The precursor solutions are then simply mixed under stirring for a
few hours to ensure homogeneity, the resultant solution is then dried to obtain a powder,
followed by calcination to obtain the DFM.

Mixing is more commonly used in conjunction with other synthetic methods to produce
a DFM. For example, the adsorbent component might be synthesized by mixing, while
the catalytic component is synthesized via another method, e.g., co-precipitation or im-
pregnation. For example, in a work by Huang et al., who investigated the performance of
NaNOj3-promoted Ni/MgO DFMs for integrated CO, capture and methanation, the unpro-
moted Ni/MgO catalysts were synthesized via a facile one-pot wet mixing method [118],
whereas the alkali metal salt promoter NaNO3 was subsequently impregnated upon the bare
catalyst. When mixing is employed as the sole synthetic method for a DEM, its characteris-
tics are decidedly inferior. Wu et al. demonstrated this in a comparative study investigating
the use of Ni-CaO-CeO, DFMs for ICCC via the RWGS reaction [105]. Different DFMs were
prepared using acetate/nitrate precursors of Ni, Ca, and Ce via wet mixing, co-precipitation,
and sol-gel methods. It was found that the wet mixing method produced a sample with the
lowest CO, capture capacity and product yield as compared to the other synthetic methods.
The poor performance by wet mixing is mainly due to the low BET surface area, inferior
pore structure, large Ni crystallite sizes, low surface basicity, and low reducibility.

5. Performance Evaluation of Dual Function Materials

With a general understanding of the kinetics and thermodynamics of CO; capture
and conversion, as well as the typical synthetic methods of DFMs that enable the ICCC
process, we proceed to evaluate the performance of DFMs across the literature. This section
catalogues recent works according to the key ICCC reactions that the DFM catalyzes, namely
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ICCC with a methanation reaction, a reverse water-gas shift (RWGS) reaction, and the dry
reforming of methane (DRM). With each case study, we present examples of the synthetic,
operating, and performance parameters of the DFMs, as well as the characteristics and
mechanistic studies of the interaction between CO, and the adsorption and catalytic sites
of the DFMs. Given the dual function characteristic of the materials, the efficacy of DFMs
first depends on their ability to efficiently capture CO, with a high capacity, which becomes
the reactant for the subsequent reactions. Therefore, the material selection for a DFM has to
satisfy the specific operating conditions required for both CO; capture and reaction. As
DEFMs are subjected to repeated cycles of CO; capture and reaction, the robustness of the
materials is also an important factor to be considered in the design and evaluation of DFMs.

5.1. ICCC with Methanation Reaction

The majority of studies on ICCC using DFMs focus on the methanation of CO,, which
takes place primarily via the Sabatier reaction (Equation (9)):
KJ
CO;, +4H,; = CHy + 2H,0AHR = —165m—01 )
The reaction is typically carried out at temperatures around 300-350 °C and pressures
of 5-20 MPa [119]. Given its highly exothermic nature, the reaction releases copious
amounts of heat, which has to be managed accordingly to prevent the thermal degradation
(e.g., sintering) of the DFMs. This can be achieved via the engineering of more thermally
resistant DEMs, or by harnessing the heat of the reaction via efficient heat transfer and heat
integration, e.g., powering endothermic reactions. In this view, CO, methanation offers
an isothermal solution to the DFMs system because the exothermic reaction can supply
the required heat for the decarbonation reaction. Additionally, the usage of real flue gas
in industrial settings might lead to the poisoning and deactivation of the Ni-based DFMs
typically used for methanation [119,120]. Practical solutions include the pre-scrubbing of
the flue gas or considering the usage of alternative catalysts like Ru, which can be activated
via pre-reduction at lower temperatures in a Hy environment. The vast body of work
studying the ICCC-methanation process is summarized in Table 3. It can be seen that Ru-
and Ni-based DFMs supported on alkaline metal oxides, such as Na,O, MgO, and CaO,
are the most commonly studied materials. In fact, as shown in Figure 15, Na,O, MgO, and
CaO are among the most common sorbents for ICCC with methanation [14], due to their
high CO, sorption capacity and methanation activity at moderate temperatures, given the
thermodynamic limitation of the reaction.
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Figure 15. Typical CO, adsorption capacity of DFMs for ICCC-methanation. Orange zone: CaO; Red
zone: MgO; Green zone: K,O and NayO. Reprinted from ref. [14] with permission from the Royal
Society of Chemistry.
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Table 3. Literature summary of DFMs that catalyze the methanation reaction.

DEM Synthesis Method Carbonation Conditions Metha'nfatlon CO; Sorption Capacity CO; Coonverswn Methanation Capacity Ref.
Conditions (mmol/g) (%) (mmol/g)
5% Ru 10% CaO/AL O3 IWI 320 °C, 10%CO, /air 320 °C, 5%H, /N, 0.41 76.17% 0.31 [11]
5% Ru 10% CaO/ Al,O3 IWI 320 °C, 10%CO;, /N, 320 °C, 4%H; /N, - - 0.5 [93]
5% Ru 10% ° o, ° o _ _
K,CO5/ALO; IWI 320 °C, 10%CO, /N, 320 °C, 4%H, /N, 0.91 [93]
5% Ru 10% ° 0, o o, _ -
Na,CO3/ALOs TWI 320 °C, 10%CO;, /N, 320 °C, 4%H; /N, 1.05 [93]
5% Ru 6.1% Wi 300 °C, simulated flue gas 300 °C, 15%H, /N 0.4 (50-cycle average) 77% 0.32 [98]
Na,O/vy-AlLO3 ’ & , 2/N3 - y g .
5% Ru-6.1% o o o o o
“Na,O”/ALOs W1 320 °C, 10%CO;, /N, 320 °C, 10%H; /N, 0.651 96% 0.614 [92]
0.5% Rh-6.1% o o o o o
“NayO” / Al,Os W1 320 °C, 10%CO;, /N, 320 °C, 10%H; /N, 0.626 69% 0.422 [92]
15% Ni 15% o o o o - -
CaO/ALOs IWI 280-520 °C, 10%CO, / Ar 280-520 °C, 10%H, / Ar 0.142 [101]
15% Ni 10% o o o o
NayCO3/ALOs IWI 280-520 °C, 10%CO, / Ar 280-520 °C, 10%H, / Ar - - 0.186 [101]
4% Ru 10% CaO/Al,O5 IWI 370 °C, 1.4%CO,/ Ar 370 °C, 10%H, / Ar 0.253 - 0272 [96]
4% Ru 10% o 0 o 0 -
Na,yCOs/AlLOs IWI 370 °C, 1.4%CO, / Ar 370 °C, 10%H, / Ar 0.391 0.398 [96]
1% Ru, 10% Ni, 6.1% 320°C, 81% (3-cycle
“NayO”/ AlyOs IWI 7.5%C0O,-4.5 /OO§15 JoHO-balance 320 °C, 15%H, /N, 0.52 (3-cycle average) average) 0.38 (3-cycle average) [100]
2
1% Ru, 10% Ni, 6.1% 320°C, 100% (20-cycle
“Nay0O” / ALOs IWI 7.5%C0,-4.5 /0012\}15 %oH,O-balance 320 °C, 15%H, /N, 0.52 (20-cycle average) average) 0.38 (20-cycle average) [100]
2
1% Pt 10% Ni 6.1% 320°C, 87% (3-cycle
“NapO”/ AlOs IWI 7.5%C0O,-4.5 /oOIZ\SS %oH,O-balance 320 °C, 15%H, /N, 0.35 (3-cycle average) average) 0.25 (3-cycle average) [100]
: Impregnation/physical o o o =o ) 60% (1st cycle); 39% 5.73 (1st cycle); 1.13
2.5Ru/Ce0,-MgO mixing 300 °C, 65%CO, /N, 300 °C, 5%H, /Ny (10th oycle) (10th eycle) [121]
R Impregnation/physical o o o mo ) 74% (1st cycle); 79% 6.6 (1st cycle); 3.36 (10th
5Ru/Ce0,-MgO mixing 300 °C, 65%CO, /N, 300 °C, 5%H, /N, (10th oycle) eycle) [121]
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Table 3. Cont.

Methanation

CO; Sorption Capacity

CO; Conversion

Methanation Capacity

DFM Synthesis Method Carbonation Conditions Conditions (mmol/g) (%) (mmol/g) Ref.
R Impregnation/physical o o o o _ 89% (1st cycle); 69% 7.07 (1st cycle); 2.31
10Ru/CeO,-MgO mixing 300 °C, 65%CO, /N, 300 °C, 5%H; /N, (10th cycle) (10th cycle) [121]
Ni/Na-y-Al,O3 IWI 450 °C, 5%C0O, /N, 450 °C, Hp 0.209 96% 0.188 [122]
Ni/Na-y-Al,O3 IWI 450 °C, 5%C0O, /N, 450 °C, Hy 0.299 92% 0.266 [122]
. . 350 °C, o ]
0.95% Ru-5% K/ALO; IWI 2 5%, 0/3%0,  1%CO, /He 350 °C, 4%H, /He 0.028 (3rd cycle) 0.028 (3rd cycle) [123]
0.95% Ru-5.1% 350 °C, o 0
ol ALO, IWI 2 5%, 0/3%0,/ 1%CO, /He 350 °C, 4%H, /He 0.116 (3rd cycle) - 0.036 (3rd cycle) [123]
0.84% Ru-16% 350 °C, o 0
Ba/Al,Os IWI 2.5%H,0/3%05 /1%CO, /He 350 °C, 4%H, /He 0.165 (3rd cycle) - 0.080 (3rd cycle) [123]
0.5% Ru, 6.1% . . o 10 ,
“NayO” / Al,Os IWI 320 °C, 400 ppm CO,/air 320 °C, 15% Hy /N, 0.2 - 0.15 [124]
One-pot citric acid
1%Ni/CeCaO-imp chelation/wet 550 °C, 15%CO, /N, 550 °C, H, 10.6 42% 3.3 [125]
impregnation
One-pot citric acid
1%Ni/CeCaCOs-imp . /cargcl)ile?t-ion Jwet 550 °C, 15%CO, /Ny 550 °C, H, 14.1 52% 6 [125]
impregnation
Hydrothermal/one-
1%Ni/CeO,-CaO-phy Chg;’;g‘:};ﬁ;‘gcal 550 °C, 15%C0, /N, 550 °C, H, 15.3 62% 8 [125]
mixing
Ru-BaO/ALO; TWI 350 °C, 1%CO, /He 350 °C, 4%H, /He 0.025 20% at 291 °C 0.151 [126]
(intimate mixture)
BaO/ A1203 +
Ru/Al,O3 (mechanical IWI 350 °C, 1%CO, /He 350 °C, 4%H,/He 0.055 20% at 362 °C 0.097 [126]
mixture)
5Li-Ru/A IWI 263 °C, 10%CO, /N3 263 °C, 10%H; /Ny - 98% 0.32 [127]
5Li-Ru/A IWI 293 °C, 10%CO;, /N, 293 °C, 10%H; /N - 97 4% 0.34 [127]
5Li-Ru/A IWI 318 °C, 10%CO2 /N, 318 °C, 10%H; /Ny - 95.4% 0.29 [127]
30% LaNiO3/CeO, Citrie 400 °C, 1.4%CO, /A, 400 °C, 10%H, / Ar 0.089 (3-cycle average) - 0.08 (3-cycle average) [128]

acid/impregnation
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Table 3. Cont.

DEM Synthesis Method Carbonation Conditions Metha'nfxtlon CO;, Sorption Capacity CO; Coonversmn Methanation Capacity Ref.
Conditions (mmol/g) (%) (mmol/g)
AMS/CaMgO| INil- Sol-gel/ so}vent 350 °C, 95%CO, /N, 350 °C, 10%H, /N, 14.7 (sorb.ent mass 76.4% 5.46 (catalyst mass [129]
Co3 evaporation basis) basis)
AMS/CaMgO| INil- Sol-gel/ so}vent 350 °C, 95%CO, /N, 350 °C, 10%H, /N, 14.4 (sorbr.ant mass 90% 9.97 (catalyst mass [129]
Col evaporation basis) basis)
AMS/CaMgO| INi3- Sol-gel/ so?vent 350 °C, 95%CO, /N, 350 °C, 10%H, /N, 14.1 (sorb?nt mass 75% 6.66 (catalyst mass [129]
Col evaporation basis) basis)
c¢DFM-2-0.4Ni-10Cs Co-precipitation/TWI 350 °C, 15%CO;, /N, 350 °C, Hy 0.48 - 0.33 [130]
20% LaNiO3/CeO, . (Citric 480 °C, 10%CO, / Ar 480 °C, 10% Ha/Ar 0.113 - 0.075 [131]
acid/impregnation
20% Citric o o o o )

La0.5Ca0.5NiO3 /CeO, acid/impregnation 480 °C, 10%CO, / Ar 480 °C, 10% Hp / Ar 0.175 0.140 [131]
Ni/CaZrO Sol-gel 600 °C, 15%C0O, /N, 600 °C, 66.7%H, /N>, 9.9-9 (20 cycles) 86.3-78% (20 cycles) 6.7 (6th to 20th cycle) [110]
NiO-MgO Co-precipitation 320 °C 10%CO2 /5%0, /He 320 °C, 20%H,/He ~0.3 (10 cycles) ~96% (10 cycles) ~0.26 (10 cycles) [132]

Cs-impregnated L o
Ni-MgO-ALO; Co-precipitation/ 350 °C, 15%C0, /N, 350 °C, H, 0.24 75% (250h 0.18 (250h on-stream) [133]
impregnation on-stream)

extrudate (EI)

IWTI: incipient wetness impregnation.
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With a wide range of variables that are at play in the synthesis of a DFM, an extensive
amount of work is naturally devoted to finding the best synthetic routes that produce DFMs
with optimized makeups [11,95,101,110,117,121-123,125-131,134-136]. In a pioneering
work by Duyar et al., CaO-based DFMs with Ru as the methanation catalyst supported
on alumina were synthesized via incipient wetness impregnation (IWI) with varying
adsorbent/ catalyst loadings [11]. It was observed that the order of impregnation (i.e., Ru
impregnated on CaO-alumina vs. CaO impregnated on Ru-alumina) affected the CO,
capture and methanation performances at 320 °C. In particular, a DFM comprising 5 wt%
Ru impregnated on 10 wt% CaO-yAl,O3 showed a single-pass methanation capacity of
0.5 mmol/g. Upon subjecting to cyclic testing, an average of 0.41 mmol/g of CO, capture
could be obtained, with an average CO, conversion of 76.17% and a methanation capacity
of 0.31 mmol CHy/g over 19 cycles. The authors concluded that the order of impregnation
was significant where the impregnation of Ru was found to be better than that of CaO due
to the good dispersion of Ru. Should the order be reversed, the active Ru sites could be
blocked by CaO particles, thus decreasing the catalytic activity of the DFM. Upon varying
the CaO:Ru ratio, a high methane turnover (CHy yield/Ru) was observed at a high CaO:Ru
ratio, indicating CO; spillover from the CaO to Ru sites where the methanation reaction
takes place. It also suggests that the close proximity of CaO and Ru was an important
factor in the DFM performance. However, low Ru loadings might not generate enough
heat from the exothermic methanation reaction to liberate CO, chemisorbed to CaO, since
methanation begins primarily where CO; is chemisorbed to Ru, thus compromising the
overall CHy yield. Lastly, testing under simulated flue gas conditions showed that, in
the presence of steam, the methanation capacity decreased to 0.27 mmol CHy/g over
20 cycles, although the purity of the effluent gas improved to 99.9% CH, by volume, as
compared to 83.6% CHy (balance CO,) in the absence of steam, suggesting the competing
adsorption of HyO and CO, on the DFM surface. A follow-up study by Duyar et al.
presented two new DFMs with similar adsorbent/catalyst loadings, but with K,COj3 or
NayCOj3 substituting CaO as the adsorbent component [93]. These DFMs showed improved
methanation capacities of 0.91 and 1.05 mmol CHy/g for K and Na, respectively, owing to
the increasing CO; adsorption capacity in the same order: Na,CO3; > K,COj3 > CaO. The
results, therefore, show the importance of optimizing the adsorbent component of DFMs in
future attempts to engineer more efficient materials.

In another study, Porta et al. assessed the CO, capture and methanation performances at
350 °C of Ru-based DFMs with six different adsorbent components (Li/Na/K/Mg/Ca/Ba)
supported on alumina [123]. They found that metals capable of forming carbonates with
high thermal stability led to the production of the highest amounts of CHy, namely, DFMs
promoted with K, Ca, and Ba. On the other hand, Arellano-Trevifo et al. evaluated Ru-based
DEFMs supported on y-Al,O3 containing different alkali and alkaline earth oxides, such as
Na;0, K70, CaO, and MgO, and found that Na,O-promoted DFM (5%Ru-6.1%NayO/ Al,O3)
exhibited a high CO, capture capacity (0.651 mmol/g) and methanation rate (0.614 mmol
CH,/g) when tested in 10%CO; /N, atmosphere [92]. Although the CHy yield significantly
decreased upon exposure to a simulated flue gas condition (7.5%CO,, 4.5%0,, 15%H,0,
balance N), the DFM remained active, producing 0.291 mmol CH,4 /g at 320 °C. In another
experiment using a Rh-NayO-based DFM, the CO, capture capacity and catalytic activity
of 0.5%Rh was compared with those of 5%Ru in order to obtain a similar material price.
While both DFMs exhibited a similar CO; capture capacity (0.625 vs. 0.651 mmol/g, respec-
tively), 5%Ru yielded higher methanation (0.614 mmol/g) than the 0.5%Rh counterpart
(0.422 mmol/g), although one could argue that the methane yield per unit of metal is higher
for Rh than that for Ru. As an alternative to noble metals, Ni-Na;O-based DFM was also
synthesized and tested, which produced 0.276 mmol CH4/g under a 10%CO, /N, atmo-
sphere. However, the material was deactivated when exposed to flue gas containing H,O,
with no methane being produced, as shown in Figure 16. Further analysis suggested that Ni
atoms could not be completely reduced to the active metallic state in the presence of O, and
H,O, thus losing its catalytic activity.
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650°C Pre-reduction. No air, no steam 650°C Pre-reduction. With air + steam 320°C Pre-reduction. With air + steam
10%NI - 6.1% "Na20"/Al203 10%Ni - 6.1% "Na20"/AI203 5%Ru - 6.1% "Na20"/AI1203 {ref.)
CO2 desorbed [N2 purge] (mL) CO2 desorbed [hydrogenation] (mL) CH4 produced (mL) CO2 adsorbed (mL)

Figure 16. CO, adsorption, desorption, and CHy produced on 10%Ni-6.1%“NayO” / Al,O3 with and
without O, and steam present in the CO, feed. CO; capture and methanation were performed at
320 °C, 1 atm. Reprinted from ref. [92] with permission from Elsevier.

Further possible variables during the synthesis of a DFM include the choice of adding
promoters that can improve the CO, capture capacity and CHjy selectivity, or the choice
of precursor chemicals, which might affect the interactions between different components
in the synthesized DFM. One study by Cimino et al. [135] found that promoting Ru/Al
DFM with Li resulted in a four-to-five-fold increase in the CO, capture capacity compared
to the unpromoted material. In addition, stable cyclic carbonation/methanation was
possible at temperatures around 230 °C, instead of the commonly utilized temperatures of
300 to 320 °C. In another study, the incorporation of Cs into Ni-hydrotalcite-based DFMs
was found to increase the CO, capture capacity up to 0.48 mmol/g and a CH, yield of
0.33 mmol/g at 350 °C [130]. These examples show the promotional effect of alkali metal
as it increases the material’s basicity, in particular, the number of medium and strong basic
sites. Besides enhancing the basicity of the material, the addition of a promoter can also
improve the stability of the material. For example, Ma et al. investigated the effect of
doping Ni-CaO-based DFMs with various metal oxides, such as Mg, Al, Mn, Y, Zr, La, and
Ce [110]. Among the synthesized DFMs, Zr-doped Ni/CaO exhibited the best performance
by maintaining a stable CO, capture capacity of 9 mmol/g and 74% CHyj selectivity after
20 cycles. It was attributed to the formation of CaZrO3; which helped improve the thermal
resistance to sintering.

To investigate the effect of catalyst loading, Bermejo-Lopez et al. varied the Ni con-
tent on CaO- or NapyCOjz-based DFMs with alumina support through the impregnation
method [101]. Notably, it was found that increasing Ni loading would increase the par-
ticulate sizes, catalyst reducibility, and consequently, methanation rates, with 0.142 mmol
CHy /g produced by a DEM comprising 15 wt% Ni on 15% CaO/Al,O3 at 520 °C.

Lastly, the choice of the synthetic method has also been known to significantly influ-
ence the final microstructures and other physicochemical characteristics of a DFM, and
a range of works have been devoted to comparatively evaluating the various possible
synthetic routes [105,112,117,125]. For example, Zhang et al. noted that sol-gel synthetic
methods tend to produce DFMs with physicochemical characteristics more favorable for
ICCC processes, including an optimal balance of the BET surface area and crystallite
sizes [112]. Sun et al. noted that the dispersion between catalyst and sorbent particles could
even be tuned via different synthetic methods, thus giving rise to varying carbonation and
methanation capabilities [125].
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In addition to optimizing the materials design and synthesis, careful attention should
also be given to the experimental parameters of the carbonation and methanation reaction,
as well as the simulated flue gas conditions, as they can help uncover the possibility of
translating ideal laboratorial conditions to a more real-life (e.g., industrial) setting, and
provide plausible avenues for future work [98,100,122,124,137]. In one such study by Wang
et al., a DEM consisting of Ru-Na,O impregnated on an alumina support was subjected
to parametric and cyclic tests [98]. Specifically, the effect of three parameters—gas space
velocity, reaction temperature, and exposure to oxygen during adsorption—on performance
indicators such as CO; uptake and CHy generation, were investigated. From the cyclic
studies, a CO, uptake and CHy generation capacities of 0.40 mmol/g and 0.32 mmol/g,
respectively, were reported after 50 cycles at 300 °C. Through parametric studies, it was
found that gas space velocities and temperature would affect the rates and the extents of
carbonation and methanation in accordance with kinetic and thermodynamic principles.
For instance, increasing the gas space velocity would increase the rates of CO, uptake and
CHj production due to a more efficient mass transfer, whereas increasing the temperature
would decrease CO, adsorption and CHy generation due to the exothermic nature of
the reactions. The oxygen exposure tests also showed that, minimally, 15% Hj /N, for
methanation was necessary for the reduction of oxidized Ru due to exposure to oxygen-
containing flue gas during adsorption. The presence of precious metals such as Ru in
overcoming the limitations of Ni as a catalytic metal is further displayed by studies such as
one by Arellano-Trevifio et al., which suggests that Ru doping aids in the reduction and
re-activation of Ni after oxygen exposure, leading to the possibility of developing DFMs
which are more resistant to industrial reaction conditions at cheaper costs [100].

Meanwhile, other authors have studied reaction parameters such as optimal carbon-
ation/methanation durations, feed gas concentrations, and process pressures. Kosaka
et al., for example, investigated Ni-based DFMs promoted with alkali metals including
Na/K/Ca supported on alumina for their carbonation and methanation at 450 °C [122]. It
was found that increasing operational pressures (a range of 0.1 MPa to 0.9 MPa was used)
could increase the CO; capture capacity of a Ni/Na-Al,O3 DEM from 0.209 mmol CO, /g to
0.299 mmol CO, /g, and its methanation capacity from 0.188 mmol CH4/g to 0.266 mmol
CH4/g, in agreement with thermodynamics as the methanation reaction involves a de-
crease in the number of moles. For these tests, a gas feed containing 5% CO, /N, was
used, but it was additionally reported that increasing pressures enhanced carbonation and
methanation at lower CO, concentrations of 100 and 400 ppm CO, /N as well. Jeong-Potter
and Farrauto also attempted an investigation of the effectiveness of a Ru/Na-Al,O3 DFEM
at a CO;, concentration of 400 ppm in air to assess the feasibility of utilizing the DFM for
direct air capture purposes [124].

Considering that ICCC and methanation have been extensively studied, a good un-
derstanding of the kinetics and mechanisms of carbonation and methanation is equally
important [94-96,138-140]. The mechanistic study is typically performed via investigative
techniques including Fourier transform-infrared (FT-IR) spectroscopy, which is capable of
measuring the gas composition at the reactor outlet and its changes with time, or by in situ
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), which detects the
presence of chemical bonds that suggest the occurrence of possible reaction intermediates.

For instance, a study by Bermejo-Lopez et al. uses FI-IR to study the temporal
evolution of the gas composition within a reactor [96]. Their work involved the usage of Ru-
based CaO and Na,CO3 DFMs supported on alumina. They proposed a mechanism where
CaCO; formed through the carbonation of Ca(OH), (Equations (10) and (11)) is decomposed
upon the addition of H, during the methanation step (Equation (12)), releasing CO, which
is subsequently converted on Ru sites according to the Sabatier reaction (Equation (13)).
Additional observations include the delayed evolution of CO, itself during the carbonation
step, suggesting the saturation of the CO; uptake sites, and the delayed evolution of H,O
during methanation (even though the Sabatier reaction produces H,O), suggesting the
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hydration of CaO to form Ca(OH);, (Equation (14)). A similar reaction scheme is suggested
for NapCOj3-based DFMs.

CaO + CO, ++ CaCO; (10)
Ca(OH), + CO, +» CaCO3 + H,0 (11)
CaCOj3 +» CaO + CO, (12)

CO, + 4H, «» CHy + 2H,0 (13)
CaO + H,0 «» Ca(OH), (14)

Conversely, other studies utilize DRIFTS to detect the presence of reaction interme-
diates, and suggest possible reaction mechanisms [94,95,140]. One such study by Proafio
et al. with Ru-based DFM [94,95] suggests the formation of bidentate carbonate species
during carbonation and formate species during methanation (see Figure 17 for their de-
tailed mechanism), but there exists a range of works that find corroborating [139] and
disputing [140] results. Proafio’s group has since conducted further studies into DFMs with
a similar makeup (10% Ni, 6.1% Na;O/Al,O3 DFMs enhanced with 1% Pt/Ru), utilizing
in situ DRIFTS to study carbonation and methanation under oxidizing and non-oxidizing
conditions, yielding largely corroborative results.
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Figure 17. Proposed carbonation and methanation mechanisms for 5%Ru/Al,O3 (right) and 5%Ru-
6.1%"“NayO”/ Al,03 DFMs (left to right). Reprinted from ref. [95] with permission from Elsevier.

5.2. ICCC with Reverse Water—Gas Shift (RWGS) Reaction

RWGS is another key reaction in C1 chemistry that takes place according to the
following reversible reaction (Equation (15)):
k]

CO, +H, = CO + H,O; AHg = 41.2——

mol (15)

RWGS is an important reaction for producing syngas with desired Hp /CO ratios,
where CO can be further valorized into various chemicals, such as methanol via the
CAMERE (carbon dioxide hydrogenation to form methanol via a reverse-water—gas-shift
reaction) process or hydrocarbons via Fischer-Tropsch synthesis. However, although CO
is industrially more useful than methane, the development of an effective DFEM system
to generate CO has been much less explored than that for methane generation. This is
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partly because the ability of DFMs to achieve a practical Hy /CO ratio remains a major
challenge. The accurate tuning of syngas composition can be tricky because of other
secondary reactions that may occur in parallel with the RWGS reaction, such as the Sabatier
reaction (Equation (10)) and the methanation of CO (Equation (16)):
K]
CO + 3H,; = CHy + H,O; AHg = —206m (16)
Considering the endothermic nature of RWGS, increasing operating temperatures
might reduce the extent of the exothermic side reactions and favor the RWGS reaction.
Indeed, in a review by Gonzalez-Castario et al. [141], where the equilibrium concentrations
of chemical species involved in the RWGS, Sabatier, and CO methanation reactions were
investigated, it was found that the equilibrium concentration of CHy4 decreases to near
zero above 700 °C, as shown in Figure 18. In addition, the CO,/H; molar ratio also
plays a critical role in adjusting the CO composition, with a low CO,/H, ratio being
thermodynamically favorable for the RWGS reaction. These considerations are therefore
important in maximizing the selectivity of CO, which turns out to be a key metric in
evaluating DFMs used in ICCC processes involving RWGS.
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Figure 18. Equilibrium mole fractions of chemical species involved in the RWGS and its side reactions.
Reprinted from ref. [141] with permission from the Royal Society of Chemistry.

Apart from thermodynamic considerations, ensuring a high selectivity of CO is also
dependent on a prudent catalyst design, which is aided by the understanding of the kinetics
and mechanisms of RWGS. Conventionally, Cu is favored for its CO selectivity and low
methanation rates, while Pt is preferred for higher CO, conversions [78]. With regards to
DFM selection for the RWGS reaction, a variety of materials have been developed, including
those containing transition metals, such as Fe, Co, Ni, or combinations thereof [142,143].
Recently, there have also been studies that do not involve any transition metals, such as
supported Na on CaO and Al,O3 [144,145]. Table 4 summarizes the DFMs that catalyze the
RWGS reaction.
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Table 4. Literature summary of DFMs that catalyze the RWGS reaction.

. Carbonation . CO; Sorption CO; Conversion Recycle Study and
DFM Synthesis Method Conditions RWGS Conditions Capacity (mmol/g) %) CO Yield Loss Ref.
Ni-CaO-CeO, (CP) Co-precipitation with (50 109, O, /N, 650 °C, 10% Hy /N, 9.81 75 10 cycles, ~10% loss [105]
acetate precursors
Ni-CaO-CeO, (Why ~ etmixing withacetate (500 00 O, /N, 650 °C, 10% Hy /N, 8.54 84 10 cycles, stable [105]
precursors
Ni-CaO-CeO, (5G-A) ~ Citricacid-based sol-gel (o0 100, co,/N, 650 °C, 10% Hy/N 15.34 92 10 cycles, 11.6% loss [105]
e with acetate precursors T s W00 2/ IN2 - cycles, 11.6% lo
. Citric acid-based sol-gel o o
Ni-CaO-CeO, (SG-N) . . 650 °C, 10% CO, /N, 650 °C, 10% H, /N, 13.15 96 10 cycles, 3.5% loss [105]
with nitrate precursors
Ce-doped Ni/CaO Citric acid-based sol-gel o o o Eo
(CayNig 1 Ceg g33) with nitrate precursors 650 °C, 15% CO, /N, 650 °C, 5% H, /N 14.1 51.8 20 cycles, stable [111]
. Citric acid-based sol-gel o o o o 0
Ni-CaO-Zr0O,-12 with nitrate precursors 650 °C, 10% CO, /N, 650 °C, 45% H, /N, 16.72 63.2 12 cycles, 18.6% loss [146]
Ni-CaO-6ZrO;- Citric acid-based sol-gel o o o o o
6CeO, with nitrate precursors 650 °C, 10% CO, /N, 650 °C, 45% H, /N, 11.88 72.1 12 cycles, 12% loss [146]
Ni/Ce0,-CaO Physical mixing 650 °C, 20% CO, /N> 650 °C, 5% Hjy /N> 9.58 56.1 20 cycles, <5% loss [147]
Na/Al, O3 Wetness impregnation 500 °C, 5% CO, /N, 500 °C, H, 0.135 76.9 50 Cyd:tz ;;8450 < [144]
. . 500 °C, 400 ppm o
Na/Al,O3 Wetness impregnation CO,/N, 500 °C, H, 0.0907 77.7 - [144]
Na-Pt/Al,O3 Wetness impregnation 350 C’é /;ISIOZ/lO o 350 °C, 5% Hy /N, 0.19 89 6000 cycles, stable [145]
2/ Np
Ni; Feg-CaO Citric acid-based sol-gel (5 o 140, 0, /N, 650 °C, H, 14.78 82.5 10 cycles, 20.9% loss [143]
with nitrate precursors
Fe5CosMg;0CaO Citric acid-based sol-gel (5 o 140, 0, /N, 650 °C, Hy 9.2 90 10 cycles, stable [142]

with nitrate precursors
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In a recent work by Wu et al., Ni-CaO-CeO, DFMs were synthesized via their ac-
etate/nitrate precursors, using several methods including wet mixing, co-precipitation,
and a citric acid-based sol-gel pathway [105]. Among the synthesized samples, DFMs
prepared by sol-gel method exhibited superior physicochemical properties and hence
displayed the highest CO; capture capacities and conversion, as well as CO yields and
selectivity. In particular, the sol-gel-derived material with acetate precursors showed a
CO; uptake of 15.34 mmol/g and CO, conversion of 92.4%, with CO selectivity of 89.1% at
650 °C. Meanwhile, the material prepared with nitrate precursors displayed a lower CO,
uptake of 13.15%, but higher CO, conversion of 96% and higher CO selectivity (87-96%). It
was concluded that, firstly, the sol-gel synthesis resulted in an optimal morphology and
internal structure for the CO, capture and conversion. For instance, large BET surface
areas and pore volumes facilitated CO, diffusion and adsorption, whereas an enhanced
surface basicity promoted CO; affinity. Meanwhile, a smaller NiO grain size, uniform Ni
dispersion, and higher reducibility could have led to improved catalytic activity. Secondly,
the choice of acetate/nitrate precursors could affect catalyst-support interactions, which
in turn result in variations in CO, uptake and conversion, CO selectivity, as well as the
material’s stability upon recycle.

Similar DFMs consisting of Ni over Ce-modified CaO were reported earlier by Sun
et al.,, who employed a sol-gel method with citric acid [111]. The incorporation of CeO,
was found to enhance the material’s stability due to the formation of well-dispersed CeO,
that can effectively prevent the growth and agglomeration of CaO and NiO crystallites,
resulting in a stable performance after 20 cycles. This is reflected by the synthesized material
with Ca/Ni/Ce molar ratio of 1:0.1:0.033, which exhibited a CO, uptake of 14.1 mmol/g,
51.8% CO;, conversion, and almost 100% CO selectivity at 650 °C. The authors proposed
possible reaction mechanisms which are based on a redox (Scheme 1) or associative formate
(Scheme 2) mechanism, as illustrated in Figure 19. According to the redox mechanism, upon
switching to the hydrogenation step, the adsorbed CO, could spill over to the Ni active sites,
which may result in the formation of CO and NiO. In the presence of CeO;, the oxygen
vacancy on the CeO; surface may also interact with CO,, leading to the formation of CO and
the oxidation of Ce®* species. The introduction of H; into the reactor would subsequently
reduce NiO back to Ni and release H,O molecules. Likewise, the adsorbed H; species on the
CeO; surface extracts the lattice oxygen from ceria, releasing a H,O molecule along with the
reduction of the catalyst. Alternatively, the associative formate mechanism suggests that the
adsorbed CO, on the CeO, surface may form bidentate formate as a reaction intermediate,
which decomposes to form CO and terminal hydroxyl groups. Subsequently, the adsorbed
Hj reacts with the hydroxyl group, releasing a H,O molecule.

In another study by Guo et al., ZrO, was used as a dopant for Ni/CaO, where it
enhanced the surface basicity and reducibility of the DFM, resulting in an increased CO,
uptake and catalytic activity [146]. At the optimum 12 wt% ZrO, loading, the material
exhibited a high CO, uptake of 16.7 mmol /g with 63.2% CO, conversion and a 10.5 mmol/g
CO yield at 650 °C. The formation of CaZrO3; was also found to reduce the sintering of
CaO and NiO crystals. The further incorporation of CeO; into Ni/CaO-ZrO, resulted in
increased CO, conversion to 72.1% due to the increase of an oxygen vacancy, although
the CO, uptake capacity decreased to 11.9 mmol/g, which could be attributed to a lower
surface area. A similar strategy was also implemented by Sun et al. who incorporated
Fe into a Ni/CaO DFM. An optimum CO yield of 11.3 mmol/g was obtained by using
Ni; Feg-CaO at 650 °C. It was observed that the formation of CapFe,Os5 acted as an oxygen
carrier that promoted CO production and helped improve the stability of the DFM by
acting as a physical barrier that slowed down CaO sintering [143].

As alternatives to transition-metal-based materials, Sasayama et al. prepared DFMs
that only contain alkali/alkaline earth metals (e.g., Na, K, and Ca) supported on y-Al,O3
via the impregnation method [144]. They were then tested with 5 vol% and 400 ppm CO; in
N to investigate the production of syngas under model flue gas or direct air capture modes,
respectively. Upon testing with 5 vol% CO, at 500 °C, Na/Al,O3 exhibited a 0.135 mmol/g
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CO;, uptake with 77% CO; conversion and 99.8% CO selectivity. On the other hand, with
400 ppm COy, its CO, uptake was about 0.09 mmol/g with 77.7% CO, conversion and
94.3% CO selectivity. The results therefore indicate the potential use of transition-metal-free
DFMs for ICCC process, although further works are needed to improve the materials’
performance and to study the reaction mechanism as well as to understand the catalytic
active sites.
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Figure 19. Reaction mechanism of RWGS over CeO;-incorporated Ni/CaO DFM. Reprinted from
ref. [111] with permission from the Elsevier.

In another study, the further incorporation of Pt on Na/Al,O3 was found to be selective
for CO formation at lower temperatures of 350 °C [145], which is advantageous in reducing
the typically high temperature requirement for the RWGS reaction. The DFM was prepared
via the sequential impregnation method of Al,Oj, first with Na, followed by Pt. The CO,
capture was evaluated with 1% CO,/10% O, in N, and its uptake capacity was found to
be 0.19 mmol/g, comparable to that of Na/Al,O3 (0.21 mmol/g), and much higher than
that of Pt/ Al,O3 (0.08 mmol/g), indicating that Na serves as the CO; capture site. Upon
hydrogenation, CO, was converted to CO with 89% conversion and 93% CO selectivity.
In a control experiment, a physical mixture of Na/Al,O3 and Pt/Al,O3; was tested, and it
was found that CO, conversion and CO selectivity decreased significantly to only 57% and
41%, respectively. The EDX spectroscopy (Figure 20) suggests that a core-shell structure of
Pt-Na nanoparticles was formed on Pt-Na/Al;O3, with Pt as the core. As a result of the
close interaction between the two metals, the Na species not only serves as the CO, capture
site, but also as a promoter to enhance CO formation. Through in situ FTIR measurements,
it was found that the adsorbed CO species was hardly observed over the material’s surface,
indicating that the presence of the Na species inhibited the adsorption of the generated CO,
leading to high selectivity for CO.
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Figure 20. STEM image and EDX elemental mapping of Pt-Na/Al,O3. Reprinted from ref. [145]
with permission from the American Chemical Society.

5.3. ICCC with Dry Reforming of Methane (DRM)

Besides RWGS, syngas can also be produced via the dry reforming of methane (DRM),
where two potent greenhouse gases, CHy and CO,, react with each other according to the
following equation (Equation (17)):

K]
CO, +CHy — 2CO + 2HyAHR = 247.3ﬁ (17)

Despite being favored for its “greening” capability, ICCC with DRM faces several
disadvantages at industrial scales. First, the highly endothermic reaction requires a large
energy input (Equation (17)). Second, the DFMs that catalyze the DRM reaction typically
contain Ni in the catalytic component, which is susceptible to poisoning and deactivation
via coking in the absence of steam. It has, therefore, been proposed that continued research
in this field would focus on developing Ni-based DFMs that exhibit stronger coking
resistance, e.g., by including alkaline promoters like Mg, or considering the use of Rh- or
Ru-based DFMs to catalyze the reaction, in addition to uncovering further insights into the
mechanisms of DRM so as to strengthen and optimize its industrial applicability [134,148].
The summary of DFMs that catalyze the DRM reaction is presented in Tables 5 and 6. The
two tables categorize works according to their presentation of the ICCC performances of
DEMs. In the former, the conversions of CO, and CH, are presented, whereas the yields of
H; and CO are presented in the latter.
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Table 5. Literature summary of DFMs that catalyze the dry reforming reaction (with conversions of CO, and CHy).
DFM Synthesis Method Carbor.uiltlon Dry Ref'o.r g €O, Sorl.)tlon CO; Conversion CH,4 Conversion Ref.
Conditions Conditions Capacity
Nlloff'g[ ‘?)ZS/W- Sol-gel/wet impregnation 650 °C, 10%CO, /N, 650 °C, 5%CyHg /N3 0.22 mmol/g DFM 14% 16% (ethane) [91]
2%3)75
N”O'%"‘E)M)g)” /0" Sol-gel/wet impregnation 650 °C, 10%CO,/N, 650 °C, 5%CyHy /N, 0.16 mmol/g DEM 60% 47% (ethane) [91]
203)50
N”Og'ga)m/ O Solgel/wet impregnation 650 °C, 10%C0O,/N, 650 °C, 5%CyHg/N» 0.9 mmol/g DEM 65% 100% (ethane) [91]
2350
Nllo'ga(f;‘)50/ 0" Sol-gel/wet impregnation 650 °C, 10%CO,/N; 650 °C, 5%CyHg /N, 0.63 mmol/g DEM 75% 100% (ethane) [91]
2%3)50
Ni/Ca-Zr Precipitation/ammoniacal ) 00 50,00, /Ar 720 °C, 8%CH, /Ar 004 mmol/g CaO - ~32% [149]
sol/impregnation (25 cycles)
. Precipitation/ammoniacal o o o oo ~5 mmol/g CaO . o
NiCe/Ca-Zr sol /impregnation 720 °C, 5%CO, / Ar 720 °C, 8%CH,4/ Ar (25 cycles) 45% [149]
Ni/MgO-AlL,0O3 e o o o o 14.1 mmol/g DFM o o
(mixed with CaO) Co-precipitation 720 °C, 20%CO, /N, 720 °C, 2.4%CH,4 /N>, (initial) 99.92% 99.94% [150]
Ca-Fe-Mg oxide Co-precipitation 600 °C, 100%CO, 900 °C, 4.5%CH4 /N> 0.64 mmol/g DFM - ~50% [151]
Table 6. Literature summary of DFMs that catalyze the dry reforming reaction (with yields of Hy and CO).
. Carbonation Dry Reforming . . . .
DFM Synthesis Method Conditions Conditions CO; Sorption Capacity H; Yield CO Yield Ref.
. o o ~5.7 mmol/g CaO
CaO/Niy Sol-gel 600 °C, 20%CO, /N, 800 °C, 20%CH,4 /N> (initial) 5 mmol/g DFM 4.3 mmol/g DFM [152]
. o o o o ~5.1 mmol/g CaO
CaO/Nig Sol-gel 600 °C, 20%CO, /N, 800 °C, 20%CHy /N> (initial) 5 mmol/g DFM 4.5 mmol/g DFM [152]
. o o o o ~4.5 mmol/g CaO
CaO/Niyg Sol-gel 600 °C, 20%CO, /N, 800 °C, 20%CHy /N> (initial) 3.5 mmol/g DFM 3.5 mmol/g DFM [152]
Ni-CaO Sol-gel 700 °C, 700°C,10%CHy /N, 148 mmol/gDFM 1317 mmol/g DEM 202 mmol/g DEM [153]
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Table 6. Cont.
. Carbonation Dry Reforming . . . .
DFM Synthesis Method Conditions Conditions CO; Sorption Capacity H, Yield CO Yield Ref.
Hydrothermal
Ni/CagsCers (sorbent); 650 °C, 10%CO,/Ar 650 °C, 6%CH, /Ar ~13 “ggﬂ: 1% Ca® - - [154]
impregnation (DFM)
15% Ni-1% Ru, 10% Sequential o o o o
NayO/CeOr—ALOs impregnation 650 °C, 10%CO, /N, 650 °C, 10%CH,4 /N, 0.16 mmol/g DFM 25.774 mmol/g DFM 0.153 mmol/g DFM [155]
15% Ni-1% Ru, 10% Sequential o o o o
K0/ CeOpALO, impregnation 650 °C, 10%CO, /N, 650 °C, 10%CH; /N, 0.18 mmol/g DFM 22512 mmol/g DFM  0.239 mmol/g DFM [155]
15% Ni-1% Ru, 10% Sequential o o o o
Ca0/CeOr—Al 05 impregnation 650 °C, 10%CO, /N> 650 °C, 10%CHy /N> 0.26 mmol/g DFM 32.639 mmol/g DFM  0.338 mmol/g DFM [155]
. 10.3 mmol/g CaO . .
CaO-0.05Ni- L o 754.4 mmol/g Ni 454.6 mmol/g Ni
Co-precipitation 600 °C, 2%CO, /N, 800 °C, 2%CHy /N, (initial); 7.9 mmol/g CaO [156]
0.05CeO;, (10th cycle) (max, 2nd cycle) (max, 2nd cycle)
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In an earlier work, Kim et al. first demonstrated the calcium looping process combined
with a catalytic system by using a physical mixture of CaO and Ni/MgO-Al,O3 as the CO,
sorbent and DRM catalyst, respectively, in a single fluidized bed reactor [150]. The two-step
process was operated in a cyclic manner where CO, was first captured on CaO during the
carbonation step. Upon gas switching to CHy, the CaO sorbent was regenerated while
releasing CO,, which instantaneously reacted with CHy on the Ni/MgO-Al,Oj3 catalyst, as
depicted in Figure 21. CaO was derived from limestone via calcination at 800 °C whereas
the Ni catalyst was derived from a hydrotalcite precursor that was synthesized via the
co-precipitation method. At 720 °C, the CO, capture capacity was 14.1 mmol/g in the first
cycle with an almost 100% conversion of CO, and CHy. The resulting syngas thus had
a H,:CO ratio of 1.06:1. Due to the sintering of CaO, there was a significant loss of CO,
uptake, which decreased to 9 mmol/g after 10 cycles of the reaction. Although, initially, Ni
catalyst deactivation was observed due to coke formation, the carbon deposition amount
was decreasing with increasing cycle numbers. It was found that the deposited carbon was
removed during the carbonation step while the Ni metallic state was preserved, which
could be due to the reverse Boudouard reaction C + CO, = 2CO that is favorable at high
temperatures [152]. Therefore, CO, and CHy4 conversion can be maintained above 95%
throughout the 10 cycles.
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Figure 21. Cyclic process of ICCC with DRM over physical mixture of CaO and Ni/MgO-Al,O3 as
CO; sorbent and catalyst, respectively. Reprinted from ref. [150] with permission from the American
Chemical Society.

In subsequent works by Tian et al., a Ni/CaO-based DFM was prepared via citrate-
based sol-gel synthesis which produced an average syngas yield of around 9 mmol/g
throughout 10 cycles [152] of CO, capture (at 600 °C) and conversion with CHy (at 800 °C).
The experimental H,:CO ratio was about 1.1, higher than the theoretical ratio of 1. As the
average CH4 conversion (86%) was higher than that of CO; (65%), it could be suggested
that the Ni-CaO interface in the DFM was more active in dissociating CHy to yield Hj than
reducing CO,; to yield CO. On the other hand, despite using a Ni/CaO DFM prepared
with a similar method, Jo et al. obtained syngas with a high H,:CO ratio of 6.52 at 700 °C,
indicating that the CO, reduction reaction was suppressed [153]. It was observed that a
large amount of carbon deposit was formed on the DFM, as well as the hydration of CaO
to form Ca(OH),.

A further improvement of the Ni/CaO DFM was reported by Hu et al. where porous
CeO,-modified CaO microparticles were used as the support for Ni impregnation [154].
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The introduction of CeQO; into the material enhanced the DFM performance in two aspects,
in that it acted as (i) a promoter that enhanced the CO, affinity towards CaO through the
increase in lattice oxygen, thus enabling a high CO, uptake, and (ii) a physical stabilizer
that enhanced the sintering resistance of CaO, improved Ni particle dispersion through
the formation of small Ni crystallites, as well as increased Ni reducibility, thus enabling
high and stable catalytic activity. Among the investigated samples, the material with
85%Ca0:15%CeO, (Ni/CagsCej5) showed a constant CO, uptake and retained about
80-90% of its initial syngas time-averaged space time yield (STY) over nine cycles of CO,
sorption and conversion at 650 °C, as shown in Figure 22. In another experiment, a layer
of ZrO, was coated on CaCOj3 nanoparticles, followed by the co-impregnation of Ni and
Ce [149]. During the CO; capture-DRM cycle tests at 720 °C, 5% CO, was used as the gas
feed to mimic flue gas composition where over 40% conversion of CO, and CHy can be
achieved. The presence of ZrO, was also found to enhance material stability by preventing
sintering. Through the in situ DRIFTS analysis (Figure 23), monodentate carbonate was
observed on the CaO surface during the carbonation step, whereas polydentate carbonate
was observed on ZrO, and bidentate carbonate on the CeO, surface. CO, dissociation to CO
was also detected on NiCe/Ca-Zr oxide due to the presence of abundant oxygen vacancies
on the reduced CeO,. Upon gas switching to CHy, the characteristic IR peaks of formate
species and gaseous CO were observed, while carbonate peak intensities were decreased.
These suggested that the occurrence of CaCOj3; decarbonation was coupled with the DRM
reaction, during which the adsorbed H species produced from CH4 decomposition reacted
with the CO%f species to form formate species, which further decomposed to CO [149].
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Figure 22. Time-averaged space time yield (STY) of Hy (top) and CO (bottom) of the prepared
Ni/CeO,-CaO DFMs with various CaO:CeO, molar ratio throughout 9 cycles of CO; capture and
conversion at 650 °C. Ni/CaO was used as reference material. Reprinted from ref. [154] with
permission from Elsevier.

The combination of Ni with Ru supported on CeO,/Al,O3 containing Na,O, K;O,
or CaO was reported by Merkouri et al. [155]. The DFMs contained 15%Ni and 1%Ru,
and were mostly active for ICCC with DRM at 650 °C, where the CaO-containing material
produced 0.338 mmol/g CO and 32.6 mmol/g Hy, yielding Hj-rich syngas. The large
formation of H, during DRM was mainly due to methane cracking and its decomposition
into carbon, evidenced by CH,-TPSR experiments which showed that methane cracking
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peaked at around 635 °C. By using an operando DRIFTS-MS method, the authors elucidated
the CO, capture and reaction mechanism over the Ni-Ru-Na,O/CeO;-Al,O3 DFM through
alternating successive CO, and CHy cycles at 550 °C. In agreement with Tian et al.’s previous
work [152], CH4 reduction on the metallic sites produced a H, and graphitic carbon layer,
which further gasified with CO, during the capture step to yield CO through a reverse
Bourdouard reaction. However, it was noted that the coke gasification kinetics were slower
than the coke formation, resulting in the rapid deactivation of the catalyst. This mechanistic
study thus highlights the importance of controlling CHy cracking during the DRM reaction
via optimizing the material’s design and reaction engineering in order to slow down the
catalyst deactivation, as well as to obtain syngas with a favorable H;:CO ratio.
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Figure 23. In situ DRIFTS spectra of the reduced NiCe/Ca@Zr in CO, and CH, environment at
550 °C and 1 bar, with different color to represent spectrum obtained at different time during exposure
in different gas environment. Abbreviation—(g): gas phase; (ad): adsorbed; MCa: Monodentate
carbonate on CaO surface; PZr: Polydentate carbonate on ZrO, surface; BCe: Bidentate carbonate on
CeO, surface. Reprinted from ref. [149] with permission from Elsevier.

Further alternatives that include the dry reforming of other hydrocarbons, such as
ethane (DRE), to produce syngas (Equation (18)) was reported by Al-Mamoori et al. [91],
who investigated the use of CaO- and MgO-based double salts promoted by K/Ca, sup-
ported on alumina, and impregnated with Ni as the catalyst at 650 °C.

K]
CO; 4+ CyHg — 4CO + 3Hy; AHR = 428'111’1701 (18)

The material’s synthetic methods consisted of a sol-gel method for the alumina sup-
port, while the adsorbent and catalyst components were incorporated via wet impregna-
tion. The CaO-based DFMs comprising 20 wt% Ni and a 1:1 ratio of adsorbent to support
showed the best ICCC performance, with CO, adsorption capacities of 0.99 mmol/g and
0.63 mmol/g for the K-Ca-based and Na-Ca-based DFMs, respectively, a 65% and 75%
conversion of CO, for the K-Ca-based and Na-Ca-based DFMs, respectively, and a 100%
C,Hg conversion for both DFMs. Additionally, yields of approximately 45% and 37.5%
for CO and Hj, respectively, were reported for the K-Ca-based DFM when subjected to a
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sustained DRE process (up to 10 h) at 650 °C. Despite a relatively stable performance, coke
formation (9 wt%) was observed due to a high Ni content. From their investigations, it
was concluded that the adsorbent/catalyst contents directly influenced CO, capture and
conversion performances, and that reaction conditions strongly influenced the selectivity
toward DRE or the occurrence of side reactions, such as oxidative dehydrogenation, ethane
cracking, RWGS, and coking. Therefore, it is imperative to optimize their chemical and
physical properties.

6. Perspectives and Future Outlook

It is evident that DFMs have increasingly played an important role in decarbonization
efforts through CO, recycling and reutilization. Through numerous studies in the past
decade, DFMs have shown to offer feasibility and versatility in capturing CO; from both
model flue gas and air (direct air capture), and subsequently converting it to other C1
species, such as methane and syngas. The recent literature has reported extensive DFM
formulations and configurations for ICCC that primarily include Ni, Ru, and Rh as the
catalytic metals, basic oxides such as NayO, K;O, CaO, and MgO as the CO, sorbents,
and Al;O3 as a common support. From the various given examples, the combinations of
these materials are shown to form flexible DEMs that catalyze CO, methanation, RWGS,
and DRM, each of which has its own optimum operating conditions. For example, CO,
methanation is favored at an intermediate temperature range of 300-350 °C, whereas RWGS
and DRM are favored at high temperatures (600-750 °C).

The effectiveness of DFMs is determined by both their CO, capture capacity and
catalytic activity. The CO, uptake principally depends on (i) the basicity of the materials,
with medium to strong basic sites favorable for CO, adsorption, and (ii) the surface area
and porosity. On the other hand, the catalytic activity depends on several factors, such
as (i) the crystallite size and dispersion of the active metals, with a small size and high
metal dispersion attributed to high catalytic activity, (ii) the reducibility of the active metals,
which is determined by the interaction between the active metal particles and the oxide
support, (iii) the basicity of the material, where weak basic sites are beneficial for CO,
methanation and medium basic sites for the RWGS and DRM [155], and (iv) the availability
of oxygen vacancies, which can often be enhanced by incorporating a dopant, such as CeO,.
In fact, there is a recent review by Hussain et al. that discusses the importance of oxygen
vacancies for CO, methanation and its tuning strategies [157].

Given the complexity in developing and tuning DFMs with the desired properties,
major progress has been achieved at the laboratory scale, leading to several promising
candidates with good CO, conversion and product selectivity. However, there are still
many challenges to implement ICCC with DFMs on a larger scale. For instance, the stability
and recyclability of the materials need to be improved as DFMs are susceptible to sintering,
coking, and poisoning. It, therefore, requires careful material engineering to synthesize
robust DFMs that can withstand harsh conditions upon prolonged and repeated cycles. In
view of this, lifetime studies of DFMs need to be carried out under real flue gas conditions
that typically contain moisture, O,, and other impurities, such as NOy, to guarantee their
industrial viability. To accelerate the screening process, the use of computational DFT
modeling would be highly encouraged to aid in the fine-tuning of the material’s properties
while studying the reaction mechanisms to control the desired product selectivity as well
as to minimize catalyst deactivation.

Considering that ICCC with DFMs is an emerging field, there are plenty of research
opportunities in the future to develop versatile and robust DFMs that enable the production
of other chemicals, such as alcohols and longer-chain hydrocarbons, which could offer
the greater flexibility of producing different products within the same production facility.
We believe that the advancement of this technology will continue promoting sustainable
chemical manufacturing and a low carbon economy.
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Abstract: This work investigates biodiesel production via transesterification of Mexican palm oil
with methanol catalyzed by binary solid base core-shell catalysts with improved catalytic stability. A
series of CaO-ZnO mixed solids were prepared using an inexpensive co—precipitation method by
varying ZnO content from 5 to 20 mol%. Several factors, such as surface basicity, ZnO content, phase
compositions, and thermal treatment of the catalysts, were all proven to be crucial for the production
of biodiesel with good quality. Thermal treatment could effectively remove the surface adsorbed
water and impurities and improved the catalytic activity. The addition of ZnO to CaO significantly
enhanced the catalysts’ stability; however, it led to lower surface basicity and slightly diminished
catalytic activity. ZnO doping inhibited the formation of surface Ca(OH), and promoted the formation
of Ca-Zn-O or CaZny(OH)g phase as the core and a surface CaCOj shell, which effectively decreased
Ca?t leaching by approximately 74% in methanol and 65% in a methanol-glycerol (4:1) mixture. A
combined method of separation and purification for obtaining clean biodiesel with high quality was
proposed. The biodiesel obtained under the control conditions exhibited properties which satisfied
the corresponding standards well.

Keywords: transesterification; CaO-ZnQO; biodiesel; palm oil; core—shell heterostructure

1. Introduction

Biodiesels, defined as the monoalkyl esters of fatty acids, can be produced by trans-
esterification of renewable sources such as vegetable oils containing triglycerides of fatty
acids via catalysis techniques. Usually, biodiesels are produced using homogeneous base
catalysts such as NaOH and KOH. However, purification of the ester phase and removal
of the liquid base catalyst from the products are a major problem [1,2]. Utilization of
heterogeneous catalysts has attracted great attention for biodiesel production as it could
solve most of the drawbacks encountered in the conventional homogeneous process [3,4].
For example, a heterogeneous catalyst can be rapidly separated from the reaction mixture
by filtration, easily regenerated, and has a less corrosive character. Therefore, biodiesel
production with a heterogeneous catalyst is an economical and environmentally friendly
process [5].

In the process of biodiesel production, the purity of feedstocks and an effective catalyst
are two key factors for obtaining a high-quality product. Water in the oil feedstocks usually
poisons the catalyst [6,7]. Ma et al. claimed that during the transesterification reaction,
the presence of water generates an even greater negative effect than free fatty acids [8].
Therefore, the feedstocks should be pretreated to minimize the water amount prior to the
transesterification process. Some researchers have focused on the use of earth oxides like
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CaO [9,10] and SrO [11] as solid base catalysts for biodiesel synthesis. However, it was
reported that when CaO was used, catalyst leaching in methanol took place [12].

There are two main methods used for improving the catalytic activity and stability
of solid base catalysts. One is to disperse a solid base like CaO on a proper support such
as mesoporous solids SBA-15 [13]; another method is to use binary oxides as catalysts
by doping the base solid with another metal oxide [14-19]. This kind of catalyst has a
long life time, suggesting an advantage of heterogeneous catalysts in the form of mixed
oxides. Dias et al. claimed that calcium-manganese oxide was active and stable for biofuel
production [14]. Dai et al. reported a series of alkali metal-doped M»ZrO, and MNbOj3
(X = Li, Na, K) catalysts for biodiesel production; both the acid and basic sites in the
catalysts were proposed to take part in the formation of biodiesel [15,16]. Lithium-doped
ZnO catalysts showed a conversion higher than 90% in soybean oil transesterification
where the surface basicity of the catalysts