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ABSTRACT

Homogeneously mixed SiO.—TiO2 nanoparticle (NP) assemblies with or without surface
modification by n-octyl groups were successfully synthesized through a simple, rapid, one-
pot, and single-step solvothermal approach. The composite NP assemblies bearing a higher-
ordered hollow spherical morphology are synthesized by the reactions of precursor solutions
consisting of Si(OEt)s or n-octyl-Si(OMe)s, Ti(O'Pr)4, and o-phthalic acid in methanol. An
addition of acetic acid or formic acid is needed for yielding the homogeneously mixed SiO>—
TiO2 NP assemblies with hollow spherical morphology and a high content of Si. Atomic ratios
of Si:Ti in the SiO>-TiO2 NP composites were easily controlled by adjusting the mole ratio of
Si(OEt)4:Ti(O'Pr)a. TiO2 NPs exhibited a good dispersion in a polar solvent (methanol),
likewise a common case, while the n-octyl-modified SiO>-TiO2> NP composites showed a
reversed phenomenon, revealing the change of hydrophobic-lipophilic balance of modified
SiO2-TiO2 NP assemblies. Thus, the surface of the SiO,—TiO2 NP assemblies with hollow
spherical morphology was modified directly by n-octyl groups through the one-pot and single-

step solvothermal approach.

Another homogeneously mixed SiO> composites with CeO: at nano-level were also
fabricated by a similar technique for preparing the SiO>—TiO> NP composites. However, in
this case, the Si0,—CeO> NP composites were yielded by the reaction of the precursor
solutions of Si(OEt)s and Ce(NO3)3-6H>O in methanol in the presence of N,N.N’,N’-
tetramethylethylenediamine as an additive instead of the acid catalyst. Likewise the synthesis
of' S10,—CeO> NP composites, the content of Si0> in the NP composites was freely controllable
by changing the mole fraction of Si(OEt)4 in the range of 0 to 0.5 in the precursor solutions.
Notably, the size of the CeO> primary NPs decreased and the specific surface areas of the

Si0,—CeO2 NP composites significantly increased in proportion to SiO2 content in the Si02—



CeO2 NP composites. For SiO>—CeO, NP composites yielded from the solution with an
equimolar amount of Si(OEt)4:Ce(NO3)3-6H20 precursors, the surface area of the composite
was over 300 m%/g. In particular, as expected by mixing the SiO, with CeOa, the SiO>—CeO,
NP assemblies exhibited a high heat tolerance through the retention of the small size of CeO>
crystallites as well as the large specific surface areas, even after calcination at 850 °C for 3 h

or at 700 °C for 72 h in air.

Taking advantages of high heat tolerance, large specific surface area, and rough surface
morphology created by agglomeration of fine primary particles, the prepared CeO- aggregates,
Si0,—Ce0, and TiO>—CeO2 nanocomposites are applied to sintering-resistant catalyst
supports for highly exothermic reactions. Well-dispersed Ru metal catalysts are deposited on
the support surfaces by the precipitation-deposition method. The methanation of CO; by Ho,
a highly exothermic reaction, is selected as a probe reaction to confirm the sintering-resistant
ability of those prepared supports. As expected, low-temperature (150—200 °C) activity of the
Ru catalysts on the prepared CeO. aggregate and TiO>—CeO> composite yielding CHs are
better than those on a commercial CeO- aggregate. Moreover, long-term stability (400 °C, 24

h and 50—300 °C, 10 cycles) of the catalysts on those prepared supports are also achieved.
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CHAPTER L.

General Introduction

1.1. Mixed oxide nanocomposites

Nanometer-sized oxides including single metal oxides and their mixed oxides have been
investigated extensively in academic and industrial researches since they exhibit many unique
and valuable properties, for expample, large specific surface area, as compared to macro-sized
ones. Particularly, the noticeable size-induced effect on the properties such as magnetic,
optical, and electronic properties of the nanomaterials is a key factor in the development of
the advanced materials. Accordingly, the use of metal oxide nanomaterials has been increasing

considerably in most important fields such as biology, medicine, and material science.[*?]

In the family of the nanostructured oxides, mixed oxides with two or more oxides are the
attractive materials constituting extensive researches, especially in the field of catalysis.[**]
Despite possessing many valuable properties, some critical issues of the single metal oxide
nanomaterials still remain due to their poor stability or insufficient chemical and catalytic
activity for special applications that require combined properties of several oxides. By mixing
the mono-components at a nano level, their synergetic effects are highly expected to solve
these drawbacks as well as to enhance properties such as magnetic, electronic, and chemical
properties of the resulting mixed materials.”™! For example, changed lattice parameters, surface
defects, and redox properties of mixed oxides differed from single-metal oxides can lead to
improvement in chemical and catalytic activity of the mixed oxide. Property changes of
different mixed oxides, however, are different depending on their crystal structure and

chemical compositions. Depending on combinations of several oxides, the composite



nanomaterials with different physical, chemical, and catalytic properties can be achieved. On
the other hand, the control over nanostructure distribution and chemical composition, which
are determined by synthetic methods, is one of the most critical concerns of the mixed oxide
nanomaterials due to its considerable impacts on properties of resulting materials. For that
reason, a number of appropriate synthetic routes for reproducible preparation of mixed oxides
with controllable compositions have been studied intensively. However, there is still room for

more facile and effective synthetic approaches towards controlled mixed oxides.

As one of the most promising metal oxides in industrial applications, a number of
researches have studied titania (TiOz) as a pigment in painting industry; photo-catalyst, self-
cleaning, and anti-biofouling materials in environmental purifications; and inorganic filler in
cosmetic and nanocomposites,'®’! where the surface properties such as hydrophilic-lipophilic
balance (HLB) are so important. In those cases, surface hydrophobicity (lipophilicity) of TiO>
is necessary to enhance the dispersibility of TiO: in organic media, especially in non-polar
ones. Unfortunately, TiO> prepared by the chemical methods commonly exhibits a hydrophilic
property which results in its weak interaction with organic media. As a consequence, TiO2
tends to be agglomerated in organic media instead of good dispersion, leading to negative
impacts on properties of materials for those applications. Thus, the control of surface
properties of TiO» is required in order to prevent aggregation of TiO,. Taking this issue in
consideration, the surface functionalization, by which the surface properties are controlled, is
considered as a simple and useful way enabling TiO; to turn its HLB property.’*! Commonly,
conventional routes for surface modification of TiO2 nanoparticles (NPs) are followed by two-
steps involving synthesis of TiO> particles and post-functionalization process. In situ surface
modification during synthesis of metal oxide particles should be a more attractive route to

prepare functionalized TiO2 NPs due to its simplified reaction process.



Another interesting metal oxide is ceria (CeOz) which is a valuable rare earth oxide in a
variety of applications in the fields of catalysis and material science, etc. Importantly, one of
the most interesting properties of CeO2 nanomaterial is its redox change between the coexisted
Ce*" and Ce** oxidation states in the structure associated with the generation of oxygen
vacancies, referred to as oxygen storage capacity.*!% By these means, the CeO» nanomaterial
is a key component in catalytic applications, for example, reforming processes, water-gas shift
reaction, and thermochemical water splitting.!'!! Notably, depending on the preparation
methods, the content of oxygen vacancies and proportion of Ce**/Ce*" in the structure of CeO,
can change, leading to different catalytic activities.l'”) Accordingly, appropriate synthetic
strategies allow controlling the catalytic activity of CeO: nanomaterial. Although CeO>
possesses many advantages, one of its issues is thermal sintering leading to its limited uses for
high-temperature processes. As a consequence of its poor heat tolerance, more agglomeration
and loss of surface area caused by the migration of CeO; are the main reason for CeO; activity
loss. In order to overcome the critical issues, CeO2 nanocomposites with other oxide(s) are an

effective solution.

Since silica (Si0») is one of the promising oxide candidates to be mixed with TiO, and
CeO,, a number of researches on SiO;-based mixed oxides have been carried out and still are
intensive in progress. Due to many desired properties of Si0», for example, high heat tolerance,
high durability, large specific surface area, good mechanical properties, and

(13,141 Sj0, is highly expected to enhance the properties of TiO> and CeO2

biocompatibility,
when they are mixed at nano-level. One of the great advantages of SiO2-based materials is
surface functionalization using silane coupling reagents with organo-functional groups.!”]
Commonly, silane coupling reagents with an organo-functional group and three hydrolyzable

groups are able to form a bridge between organic media and inorganic particles, according to

improved dispersibility of metal oxide particles in the organic media. Indeed, the functional

3



end-groups, for example, alkyl, amino, and carboxylic groups introduced into the particle
surface allow the metal oxide NPs to modulate their interactions with organic media.['®!” Thus,

the targeted multifunctional materials with the controlled surface chemistry can be designed.

In spite of numerous attractive advantages of the mixed SiO> nanocomposites, these
nanocomposites are relatively difficult to prepare due to different hydrolysis rates of silane
precursors and other metal oxide precursors in reaction solutions and different crystal structure
of SiO; and other oxides.!'8) Consequently, it is common to obtain the SiO, mixed oxides with
segregations of the corresponding individual components instead of homogeneous ones
through conventional synthesis methods. Some other approaches such as sol-gel and
hydrothermal methods are found to be more effective to create homogeneously mixed SiO»-
based composites, their synthetic routes, however, require multi-step pathways and/or long-
time reactions.'*2!1 Thus, the development of simply synthetic approaches, by which the
different hydrolysis processes of the silane reagents and other metal precursors are
controlled, remains importantly towards yielding the designed SiO.-based materials with

homogeneously mixed levels.

1.2. Synthetic approaches to metal oxide nanomaterials

The properties of the nano-sized metal oxides are determined by their particle shape,
structural morphology, particle size, crystallinity, and chemical compositions, etc. On the other
hand, these mentioned factors mainly depend on the preparation processes of the materials.
Consequently, the synthetic methods play a key role to control the resulting nanomaterials. To
prepare well-controlled metal oxide nanomaterials, a number of studies based on chemical and
physical synthetic strategies have been performed. In numerous established synthetic methods

yielding metal oxide NPs, for example, co-precipitation method, sol-gel method,



microemulsion method, solvothermal method, and hydrothermal method (Figure 1.1),12%23] the
solvothermal method is one of the most effective synthetic approaches to fabricate metal oxide
and mixed oxide nanomaterials with a variety of morphologies. According to a prototype
solvothermal preparation, the precursor solution consisting of metal oxide precursors and
additives in an appropriate solvent is typically treated at an elevated temperature in a

pressurized vessel.?’]

Sol-gel synthesis

>
Hydrothermal
>
kd B
-
Pt f-'- Solvothermal
>
Metal Precursors

Precipitation

>

Thermal deposition

AN

Microemulsion

Nano-size materials

Figure 1.1. Several synthetic methods for creating the nanomaterial.

In comparison with the aqueous-solution routes in which the resulting materials are
dramatically influenced by fast hydrolysis processes of precursors and initial pH of the
medium, the solvothermal routes in non-aqueous media are easier to control the growth of the
particles.[®! For example, the required water for hydrolysis process can be slowly generated
during solvothermal reactions from condensation of organic compounds, for example, an
esterification of a carboxylic acid with an alcohol, leading to a controlled hydrolysis process.
Moreover, it is reported that the organic additives and non-aqueous media can play manifold
roles as oxygen supplying sources, capping agents, and/or crystal growth stabilizers driving

the nucleation and the crystal growth of particles, accordingly the final NPs with controlled



morphology, high purity, and high crystallinity can be achieved.?*?%! Besides the effects of the
chemical factors, the reaction parameters including reaction temperature, reaction time, and
heating rate also affect the solubility of the reactants, chemical diffusion, reactivity, and the
stability of the intermediate species. By those controlled processes, the targeted nanomaterials
can be created in well-defined morphology. An appropriate combination of solvents and
additives and a control of reaction temperature, reaction time, and heating rate of solvothermal
reactions are extremely important to obtain the desired materials. However, due to the long
reaction time of conventional solvothermal routes, which commonly lasts from several hours
to several days, much simple solvothermal procedures to yield well-controlled metal oxide

and mixed oxide nanomaterials are still required.

1.3. A one-pot and single-step solvothermal approach to metal oxide nanomaterials

In connection with solvothermal synthesis, Wang et al. developed a facile one-pot and
single-step strategy to fabricate metal oxide NP assemblies with solid or hollow spherical
morphologies, named as micro/meso-porously architected roundly integrated metal oxides
(MARIMOs). The approach was applied first to afford TiO> NP assemblies through the
reaction of the precursor solution of titanium alkoxide and phthalic acid in methanol at 300 °C
for 10 minutes.!*s). As a result, the hollow spheres of the crystallized anatase TiO» NP
assemblies were constructed in a narrow size distribution. The assembly of fine TiO, primary
particles ca. 5 nm served an ultrafine nano convex/concave surface resulting in a large surface
area over 200 m?/g and even reaching 400 m?/g. The TiO, NP size was controlled by adjusting
the reaction temperature while changing the heating rate of the reaction resulted in different
shell thickness of the hollow structures.!””! Moreover, the organic additive added to the

precursor solution played a critical role in the construction of the TiO; structure to control the



s.281 This one-pot and single-step solvothermal approach

morphology of the TiO> assemblie
with a great advantage of short reaction time and easy preparation process is considerably

simpler to obtain the controlled nanomaterials than conventional solvothermal routes, where

the reactions commonly take place for a long time ranging from several hours to several days.
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Figure 1.2. A proposed mechanism for the formation of solid or hollow TiO> particles in the

presence of carboxylic acid.*®!

In addition to the solvothermal preparation of TiO> material, morphology control of TiO»
is also considered in expectation of its innovative applications.[®! Interestingly, the
morphology of TiO- is adjustable by altering the additives added (Figure 1.3). Indeed, the use
of phthalic acid as an additive resulted in the hollow spherical TiO2 NP assemblies, while TiO>
assemblies with a cheek-brush morphology were formed by using dimethyl phthalate
instead.[?62% |t is suggested that the possible co-ordinations between metal oxide precursors
and organic additives could be involved in orienting the nucleation and growth of the TiO>
NPs. Moreover, solid TiO2 spheres instead of the hollow ones obtained either by replacing

phthalic acid by formic acid in the precursor solutions or by adjusting heating rates.



Ti precursorin alcohol

/1 N\
Formic Phthalic = Methyl
acid acid  phthalate
/ I \
300°C, 10 min

¥ v

Solid MARIMO Hollow MARIMO Cheek-brush

Figure 1.3. Morphological control of TiO2> NP assemblies by using different additives.

The synthetic approach was quite versatile yielding other metal oxides such as SiOz, ZrO»,
Ce0O3, and ZnO NP assemblies under similar solvothermal conditions in short reaction time.
In particular, preparations of oxide composites, for example, Al2O3—TiOz, ZnO-TiO,, and
ZrO,—CeO; with high homogeneity and controlled chemical compositions also were
succeeded.?3%311 With great advantages of the simple preparation procedure such as the short
reaction time, the well-controlled products in morphology, composition, crystallinity, the one-
pot, and single-step solvothermal approach is versatile in a wide range of the advanced
materials. Therefore, it is a suitable approach aiming at yielding homogeneous SiO2-based

nanocomposites with control of chemical compositions.

1.4. Potential applications of solvothermally prepared nanomaterials in catalysis

A number of studies have been focused on utilizing various kinds of metal oxide and
mixed oxide nanomaterials for catalytic processes due to the excellent catalytic activity of

these materials.*** In the catalytic systems, active metal NPs dispersed on the oxides or mixed



oxide supports are widely used for a wide variety of reactions, such as biomass conversion,
hydrogenation, oxidation, transesterification, and others. However, as a critical issue of the
catalysts, a loss of catalytic activity of the catalysts over time occurs certainly for most
catalytic processes, which is commonly caused by catalyst poisoning, fouling, thermal
degradation, vapor compound formation accompanied by transport, vapor-solid and/or solid-
solid reactions, and attrition/crushing, according to catalyst degradation.l*3 In order to keep
catalysts being efficient and stable for a long time use, prevention of activity loss of catalyst

over time is extremely important.

Among those reasons of catalyst activity loss/deactivation, thermal sintering is a critical
issue, especially in high-temperature applications. Indeed, the active particles and oxide
supports tend to migrate to form larger agglomerates during their catalytic operation, which

followed by loss of surface area and catalytic efficiency as a result of the sintering.**% I

n
particular, the sintering of the catalyst becomes more serious as the process temperature
increases. For this reason, several anti-sintering strategies, both chemical and physical ones,
such as alloying, encapsulation, or ligand-assisted pinning have been investigated in order to

[35] These researches, however,

prevent the sintering of the supported catalysts (Figure 1.4) .
are still in progress. Considering the long-term usability of the supported catalysts, not only

the catalytic activity and tolerance of the active metal catalysts but those of the oxide supports

should be considered as important factors.
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Figure 1.4. Several anti-sintering strategies for supported catalysts.

As previously mentioned, the NP assemblies prepared by the one-pot and single-step
solvothermal approach presented the advantages of large surface area and rough surface
morphology constructed by very fine primary particles. However, these advantages are yet to
be taken well. It is supposed that those solvothermally prepared nanomaterials could be
applied as potential catalyst supports in expectation of good dispersion of metal catalysts and
sintering prevention of the supported catalyst. Indeed, the nanostructured materials with a
rough surface and large surface area could facilitate dispersion of the metal catalysts as well
as impede its agglomeration. In addition, the use of high heat-tolerant oxide supports would
prevent the collapse of the catalyst support. By those means, well-dispersed metal particles
deposited on the support surface could be kept stable through catalytic processes. Taking these
above-mentioned issues in consideration, the solvothermally prepared NP assemblies would

be excellent candidates to prevent sintering of the supported catalyst.

10



Dissertation Scope and Outline

For those above-addressed issues, the present study focuses on the fabrication of
homogeneously mixed NP assemblies of SiO>-TiO; and SiO,—-CeO, with adjustable
composition ratios by the one-pot and single-step solvothermal approach. Mono-component
TiO2 and CeO; are selected as candidates to be mixed with SiO; to yield nanocomposites in
expectation of enhanced properties such as adsorption ability, surface area, heat tolerance, and
controlled HLB. By mean of the solvothermal reactions, the difficult combination of Si0> with
other oxides due to different hydrolysis rates of the precursors and different crystal structures
of SiO> and other oxides can be controlled. The reaction conditions are optimized
appropriately to obtain the nanocomposites. The detailed synthesis procedures and discussions
are presented in Chapters II and III for SiO>—TiO2 and SiO.—CeOz, respectively. Similarly,
another composite of TiO>—CeO; is also prepared under similar conditions.

Taking advantages of enhanced heat tolerance, huge specific surface area, and rough
surface morphology created by agglomeration of very fine primary particles, the synthesized
materials including CeO3, SiO,—Ce0», and TiO>—CeO; are applied as the catalyst supports for
Ru catalyst in expectation of sintering-resistant ability. An extremely exothermic reaction of
methanation of CO2 by H: is selected as a probe reaction to confirm the catalytic efficiency
and ability against sintering of those catalysts. Those results are fully shown and discussed in
Chapter IV.

Summary of achievements, general conclusion, and outlooks for future studies are given
in Chapter V. In addition, the Appendices of additional information, which are not shown in

the main Chapter, are presented in the last part of Dissertation.
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CHAPTER II.

One-step Direct Synthesis of SiOQ>—Ti0O; Composite Nanoparticle Assemblies

with Hollow Spherical Morphologies

2.1. Introduction

TiO, is one of the most promising functional materials with a variety of applications in
many fields such as solar cells, photovoltaics, and environmental remediation.['"'? Moreover,
TiO2 NPs are also used in the preparation of nanocomposites in order to enhance the properties
of polymeric materials such as optical, mechanical, electrical, and thermal properties.['>!%]
Despite their inherent excellent properties, TiO> NPs have several drawbacks such as the

(5191 Indeed, in a number

tendency to agglomerate and poor interaction with organic materials.
of researches studied TiO> as a pigment in painting industry; self-cleaning and anti-biofouling
material in environmental purifications; and inorganic filler in cosmetic and nanocomposites,
surface hydrophobicity (lipophilicity) of TiO: is necessary to enhance the dispersibility of TiO2
in organic media, especially in non-polar ones. Unfortunately, TiO; prepared by the chemical
methods commonly exhibits a hydrophilic property which results in its poor interaction with
organic media. As a consequence, TiO; tends to be agglomerated in organic media instead of
a good dispersion, leading to the negative impacts on the properties of materials in those

applications. However, these problems of TiO2 material can be overcome by modifying with

Si0s.

Silica—titania (SiO>—TiO2) composite NPs are interesting materials because of their

[1,20-23

remarkable photocatalytic efficiency, durability, Tand scaffold layer in perovskite solar

cell? as compared to those of TiO, NPs since SiO» increases the mechanical and thermal
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stability, adsorption ability, and the specific surface area of the TiO, NPs.['?! In addition,
surface modification of TiO> NP assemblies using alkylsilane reagents can easily control the

19.25-281 Commonly, conventional routes for surface modification

their dispersibility in media.!
of TiO2 NPs are followed by a two-step process involving the synthesis of TiO, particles and
the post-functionalization process. In situ surface modification during synthesis of metal oxide

particles could be a more attractive route to prepare functionalized TiO2 NPs due to simplified

reaction process (Figure 2.1).
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Figure 2.1. Modification routes of TiO2 NPs.

In spite of numerous attractive advantages of SiO2 nanocomposites, the homogeneously
mixed Si102 nanocomposites are relatively difficult to yield due to the different hydrolysis rates
of silane precursors and other metal precursors in reaction solutions and different crystal
structure of SiO2 and others. Indeed, the resulting SiO2 mixed oxides prepared by conventional
synthetic methods tend to form as the segregations of the corresponding individual
components instead of the homogeneous ones. Some other approaches, for example, sol-gel
and hydrothermal methods are more effective to create the homogeneous SiO:-based
composites, their synthetic routes, however, are relatively complicated required multi-step

pathways and/or long-time reactions. For example, the synthesis of high-ordered structured
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Si0;-based NP composites commonly required an assistance of the soft/hard templates and a
subsequent calcination step. Thus, controlling the hydrolysis processes of the silane reagents
and other metal precursors during the synthetic process is a crucial key to achieve the
homogeneous SiO»-based nanocomposites. Moreover, the development of simply synthetic
procedures to yield the designed SiO.-based materials with homogeneous mixing level still

remains important.

As mentioned in Chapter I, we have developed the new solvothermal approach to afford
metal oxide NP assemblies with solid or hollow spherical morphologies named micro/meso-
porously architected roundly integrated metal oxides (MARIMOs).[2!1 Our solvothermal
approach is versatile for preparing other oxide NP assemblies such as SiO., TiO2, ZnO, ZrO»,
and CeO; and their composites such as TiO>—ZnO, TiO>—Al,03, ZrO,—CeO, and In-Ga—Zn
oxide as well using a similar technique from precursor solutions consisting of metal alkoxides

and/or salts.[30?

I During the solvothermal reaction, the metal oxides were obtained by
condensation of metal hydroxides that resulted from the hydrolysis of mixed metal alkoxides
or salts. Due to different hydrolysis rate of different metal precursors, the widely different
reaction rates of the metal precursors would yield inhomogeneously mixed composite NP
assemblies instead of homogeneously mixed ones. However, we succeeded in synthesizing the
above-mentioned mixed metal oxide NP assemblies. It is noted that the solvolysis rate of
alkoxysilane is slower than that of alkoxytitanium.*! Thus, our solvothermal approach of
using alkoxysilane and alkoxytitanium precursor solutions to yield Si0,—TiO2 composite NP
assemblies can be anticipated to be ineffective, especially in the case of Si0>—TiO2, composite
NP assemblies with a higher SiO: ratio. Herein, I report a one-pot and single-step solvothermal

approach to generate SiO>—TiO2 composite NP assemblies with and without alkyl surface

modification and bearing a hollow morphology.
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2.2. Experimental Section

2.2.1. Materials

Methanol, o-phthalic acid, acetic acid, formic acid, titanium tetraisopropoxide, and
tetracthyl orthosilicate were supplied by Wako Pure Chemical Industries Co. Ltd. Trimethoxy-
n-octylsilane was purchased from Tokyo Chemical Industry Co., Ltd. All the reagents were

used as received.

2.2.2. Synthesis of MARIMO SiO2-TiO: assemblies

The precursor solutions consisting of Ti(O'Pr)s, Si(OEt)s or n-CsH;7Si(OMe)s, and o-
phthalic acid (0.5 mol/L) in methanol were stirred homogeneously. The total concentration of
Ti(O'Pr)4 and Si(OEt)4 or n-CsH17-Si(OMe); in methanol (3.5 mL) was 0.1 mol/L. To change
the ratio of Si02:TiO> in the NP composites, the mole ratios of Si(OEt)4:Ti(O'Pr)s were
adjusted correspondingly. The mixed solution was transferred to an SUS-316 stainless steel
reactor and sealed by a screw cap equipped with a thermocouple to measure the inside
temperature. The reactor was heated up to 300 °C at a heating rate of 5.4 °C/min in an electric
oven; the reaction was performed at this temperature for 10 min. Thereafter, the reactor was
placed in an ice-water bath to quench the reaction. The obtained white solid products were

centrifuged three times at 6600 rpm for 30 min and then dried overnight in a vacuum oven.

2.2.3. Characterization of NPs

Transmission electron microscopy images were taken on a JEOL JEM-2100F microscope.
The chemical compositions of the particles were quantified by energy dispersive X-ray

spectroscopy using Oxford INCA Energy TEM250 attached to the transmission electron
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microscope. The specific surface area of the SiO>—TiO, composite assemblies was calculated
based on the nitrogen adsorption-desorption isotherm obtained on a BELSORP-mini II
instrument (BEL Japan, Inc). Crystalline structure of the prepared composites were detected
by X-Ray diffraction on a Rigaku SmartLab diffractometer with a graphite-monochromated
Cu-K, radiation. Fourier transform infrared spectra were recorded on a JASCO FT-IR-480

Plus spectrometer using the KBr pellet method.

2.3. Results and Discussion

2.3.1. One-pot synthesis of prototype SiO2—TiO2 composite NP assemblies

2.3.1a. Synthesis of SiO2-TiO2 composite NP assemblies

As a preliminary experiment, our one-pot and one-step approach yielding the MARIMO
TiO, assemblies'?®32! was applied to the synthesis of prototype SiO,-TiO> composite NP
assemblies. The solvothermal reactions of the precursor solutions containing Si(OEt)s,
Ti(O’Pr)s, and o-phthalic acid in methanol (MeOH) were performed at 300 °C for 10 minutes
(Table 2.1 and Scheme 2.1). The reactors was heated at a heating rate of 5 °C/min. For yielding
Si0>—-TiO2 composite NP assemblies, the existence of o-phthalic acid and the slow heating are
necessary for the fabrication of hollow structure through Ostwald ripening as discussed in a

previous work.*?]

Scheme 2.1. Schematic of synthesis of Si0>-TiO2 MARIMO NP composite
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| COOH MeOH
Si(OEt), + Ti(O'Pr), + N >
COOH 300 °C, 10 min

Si0,-Ti0O, MARIMO
assemblies

Table 2.1. Si(OEt)4:Ti(O'Pr)s mole ratio in the precursor solutions and the properties of the formed

NP assemblies®.

COOH MeOH
Si(OEt), + Ti(OPr), + —_—
coon 300°C

Si0,-TiO,
nanoparticle
assemblies

Precursor solution Si0,-TiO; composite NP assembly

Ent ) Specific Diameter of
Oy  Si(OEt), Ti(O'Pr)s  Mole fraction Yield Atomic % of Si
surface area assembly

(mollL) (molL)  of Si® (%) (Si/(Si+Ti)x100)°
(m?/g) (nm)*

1 0 0.1 0 89 0 218 700 + 50
2 0.01 0.09 0.1 98 4.0 276 743 £ 98
3 0.025 0.075 0.25 79 9.1 334 543 + 83
4 0.05 0.05 0.5 81 33.3 353 602 + 48
5 0.075 0.025 0.75 40 75 667 1496 + 288
6 0.1 0 1 trace 100 - —f

aReaction conditions: [o-phthalic acid] = 0.5 mol/L, heating rate = 5.4 °C/min, final temperature = 300 °C,
and holding time of final temperature = 10 min.

®Calculated using formula Si(OEt)4/(Si(OEt)4+Ti(O'Pr)s).

°Evaluated by STEM/EDX analysis.

dCalculated directly from the TEM images by measuring at least 40 assemblies.

*Not measured because of small amount of material.

fAgglomerates of nanoparticles.
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Figure 2.2. TEM images of NP assemblies obtained from precursor solutions with different
Si(OEt)4/(Si(OEt)4+Ti(O'Pr)s) mole fractions. (a) 0 (Entry 1 in Table 2.1), (b) 0.1 (Entry 2 in
Table 2.1), (c) 0.25 (Entry 3 in Table 2.1), (d) 0.5 (Entry 4 in Table 2.1), (e) 0.75 (Entry 5 in

Table 2.1), and (f) 1 (Entry 6 in Table 2.1).

A precursor solution containing an equimolar amount of Si(OEt)s and Ti(O'Pr)s yielded
NP assemblies with a beautiful hollow spherical morphology as expected (Entry 4 in Table 2.1
and Figure 2.2d). Similar reactions of precursor solutions containing low amounts of Si(OEt)4
also resulted in composite NP assemblies with hollow spherical morphologies (Entries 2 and
3 in Table 2.1 and Figures 2.2b and 2.2c). The TEM images and EDX mappings (Figure 2.3)
of the Si0>—TiO, NP assemblies with Si mole fraction of 0.25 (Entry 3 in Table 2.1) confirmed
the homogeneous distribution of the obtained composites. However, at higher amounts of
Si(OEt)s, a very low product yield was obtained (Entries 5 and 6 in Table 2.1 and Figures 2.2¢
and 2.2f). In particular, a trace amount of agglomerated SiO2 NPs was obtained from 100%
Si(OEt)4 precursor solution (Entry 6 in Table 2.1 and Figure 2.2f), which could be attributed

to the slow hydrolysis rate of Si(OEt)s at a low reaction temperature of 300 °C.[*¥) Moreover,

23



the surface of the obtained composite NP assemblies became smoother (Figures 2.2a-¢) and

their BET specific surface area and diameters became larger (Entries 1-5 in Table 2.1 and

Figures 2.2a-2.2¢) with increasing amount of Si(OEt)4 in the precursor solutions.

10 nm

1 pm

Figure 2.3. HR-TEM image, STEM image, and EDX mappings of SiO>—TiO, NP assemblies

obtained from precursor solutions with Si(OEt)4/(Si(OEt)s+Ti(O'Pr)s) mole fraction of 0.25

(Entry 3 in Table 2.1).
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Figure 2.4. The plot of atomic fractions of Si in the SiO>—TiO, composite NP assemblies

estimated by EDX against the Si(OEt)4/(Si(OEt)s+Ti(OPr)s) mole fractions in the precursor

solutions (Table 2.1).
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It was noted that an almost linear relationship was observed between the atomic
percentage of Si in the obtained composite NP assemblies (agglomerates) and the Si(OEt)4
mole fractions in the precursor solutions (Figure 2.4). This indicates that the Si:Ti ratio in the
obtained composite NP assemblies with hollow spherical morphologies can be easily
controlled by adjusting the Si(OEt)4:Ti(O'Pr)s ratio in the corresponding precursor solutions.
The X-ray diffraction patterns clearly indicated the existence of anatase TiO nanocrystals in
all the NP assemblies (Figure 2.5). The crystalline phase of SiO; was not observed in the XRD
spectra. However, a broad peak appeared at 26<20 ° region that corresponded with the

amorphous phase of SiO».
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Figure 2.5. XRD patterns of the composite NP assemblies obtained from precursor solutions
with different Si(OEt)4/(Si(OEt)s+Ti(O'Pr)s) mole fractions. (a) O (Entry 1 in Table 2.1), (b)

0.1 (Entry 2 in Table 2.1), (c) 0.25 (Entry 3 in Table 2.1), (d) 0.5 (Entry 4 in Table 2.1), and

(e) 0.75 (Entry 5 in Table 2.1).
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2.3.1b. Effect of an addition of a second acid catalyst on the hydrolysis of Si(OEt)4

As discussed in the previous section, the solvothermal treatment of 100% Si(OEt)s
precursor solution resulted in agglomerates of primary SiO> NPs (Entry 6 in Table 2.1 and
Figure 2.2f) which could relate to the slow hydrolysis rate of Si(OEt)s under the solvothermal
reaction conditions. The concentration of o-phthalic acid in the precursor solutions should be
increased to accelerate the reaction and to facilitate effective acid-catalyzed hydrolysis of
Si(OEt)4. However, in a previous investigation, a higher amount of o-phthalic acid could not
produce the expected hollow spherical TiO, NPs but yielded larger and non-uniform
assembiles. In addition, some agglomerates were also observed. Therefore, acetic acid (AcOH)
was selected as the second acid catalyst to be mixed in the precursor solutions. The precursor

solutions consisting of Si(OEt)s, Ti(OPr)s, o-phthalic acid, and AcOH in methanol were

subjected to similar treatment as described above (Scheme 2.2). The acid concentration and

physical properties of the obtained composites were given in Table 2.2.

Scheme 2.2. Schematic of synthesis of Si0,—TiO, MARIMO NP composite with an addition

of acetic acid.

COOH
. N MeOH
Si(OEt)4 + Ti(O'Pr)y + + CH;COOH ———

(6]
COOH 300°C
10 min

0.05mol/L  0.05mol/L 0.5 mol/L Si0,-Ti0, MARIMO
assemblies

The addition of AcOH increased the yields of the corresponding composite NP
assemblies (86%) and induced a higher Si content. The addition of 0.1 mol/L AcOH led to a
decrease in the NP assembly size with an increase in the diameter of the inner cavity of the

hollow spheres (Entry 2 in Table 2.2 and Figure 2.6b). Interestingly, a higher AcOH (0.25
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mol/L) content resulted in the formation of MARIMO NP assemblies with smaller diameters
(260 nm, mini MARIMO) as well as larger primary particles (Entry 3 in Table 2.2 and Figure
2.6¢). It clearly demonstrated that the addition of the second acid is necessary for yielding the

homogeneously mixed SiO>—TiO> MARIMO assemblies.

Table 2.2. Concentration of the acid in the precursor solutions and the physical properties of the

obtained NP assemblies?.

SiO,~TiO5
nanoparticle
assemblies

COCH MeOH
Si(OEt)y + Ti(OPr), + O: + AcOH ——»
COOH 300°C

Precursor solution Si0,-TiO, composite nanoparticle assembly
Concentration of BET Diameter
Total acid
Entry AcOH / o- Yield Atomic % of Si specific of
concentration
CsH4(COOH), (%)  Si/(Si+Ti)x100° surface area  assembly
(mol/L)

(mol/L/ mol/L) (m?/g) (nm)*
14 0/0.5 0.5 81 333 353 602 £ 48
2 0.1/0.5 0.6 80 333 451 468 + 65
3 0.25/0.5 0.75 86 40.0 471 261 +52

“Reaction conditions: [Ti(OPr)s] = 0.1 mol/L, [o-phthalic acid] = 0.5 mol/L, heating rate = 5.4 °C/min,
final temperature = 300 °C, and holding time of final temperature = 10 min.

Evaluated by STEM/EDX analysis.

“Calculated directly from the TEM images by measuring at least 40 assemblies.

dSame data as in Entry 4 in Table 2.1.
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100 nm 100 nm

Figure 2.6. TEM images of NP assemblies obtained with different ratios of AcOH/o-phthalic
acid (mol/L / mol/L): (a) 0/0.5 (Entry 1 in Table 2.2), (b) 0.1/0.5 (Entry 2 in Table 2.2), and

(c) 0.25/0.5 (Entry 3 in Table 2.2).

2.3.2. One-pot synthesis of alkyl-modified SiO>—TiO2 NP assemblies

2.3.2a. A direct synthesis of alkyl-modified SiO2-TiO2 NP assemblies by one-pot and

single-step reaction

Despite their inherent excellent properties, TiO> NPs have several drawbacks such as the
tendency to agglomerate and poor interaction with organic materials. The surface of the
primary NPs of the prototype SiO>—TiO2 NP assemblies including hydroxyl groups exhibited
polar and hydrophilic properties, which can facilitate the dispersion of the NP assemblies in
polar media such as water. However, surface hydrophobicity (lipophilicity) is necessary in
some applications such as reinforcing agents in polymeric composites,’****! hydrophobic
organic pollutant treatment,>*®! corrosion protection of metals,?”*% anti-biofouling, self-
cleaning materials,’*” and oil-water separation.!***!] Unfortunately, TiO, prepared by the
chemical methods commonly exhibits a hydrophilic property which results in its weak

interaction with organic media. As a consequence, TiO> tends to be agglomerated in organic
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media instead of good dispersion, leading to negative impacts on properties of the materials
for those applications. Thus, controlling HLB is one of the most important surface factors in a
number of applications. Commonly, conventional routes for surface modification of TiO2 NPs
are followed by two-steps involving a synthesis of TiO» particles and a post-functionalization
process. In situ surface modification during the synthesis of the metal oxide particles with a
simplified reaction process is more attractive to yield the functionalized TiO> NP assemblies.
This concern impelled us to investigate a variant of the one-pot and single-step method to
produce alkyl-modified SiO.—TiO, NP assemblies.

A similar solvothermal reaction of trimethoxy-zn-octylsilane (n-octyl-Si(OMe)s3), instead
of Si(OEt)4, and Ti(O'Pr)4 in methanol easily afforded hollow spherical assemblies (Scheme

2.3, Entries 2 and 3 in Table 2.3 and Figures 2.7a and 2.7b).

Scheme 2.3. Schematic of synthesis of alkyl-modified SiO>—TiO> NP assemblies.

. COOH  \eOH
n-octyl-Si(OMe); + Ti(O'Pr), +  —
COOH 300°C ’2.

0.05 mol/L 0.05mol/L 0.5 mol/L Lo ctyl-Si0, TiO,
MARIMO assemblies

Irrespective of the concentration of n-octyl-Si(OMe); in the precursor solutions, the
atomic percentage of Si in the obtained assemblies was almost similar, while the yields
lowered and the diameter of the assemblies became smaller. The presence of alkyl groups in
the assemblies was confirmed from the FT-IR spectra (Figure 2.8b). Two C—H stretching
vibration modes were clearly observed at around 2900 and 2800 cm™'.[**] The existence of
carbon atoms on the assemblies was confirmed by elemental analysis using the STEM/EDX

mapping technique equipped in TEM (Figures 2.7a and 2.7b).
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Table 2.3. Preparation of n-octyl-Si0>—TiO, composite nanoparticle assemblies.?

COOH MeOH
. ) n-octyl-SiO,—TiO,
n-octyl-Si(OMe); + Ti(O'Pr), + ©: + AcOH > nanoparticle
COOH 300 °C assemblies

Precursor solution Si0,-TiO, composite NP assembly

Reaction

Ent , o t t ] Atomic % of Si  Diameter of
Y p-octyl-Si(OMe);  Ti(OPr)s  AcOH emperature  yjeld

o in composite NP assembly
(mol/L) (mol/L)  (molL)  (°O) (%)
assembly® (nm)°

14 0 0.05 0 300 89 0 700 £ 50
2 0.025 0.075 0 300 59 4.0 630+ 106
3 0.05 0.05 0 300 32 3.9 470+ 76
4 0.05 0.05 0 350 32 6.7 392 +£48
5 0.05 0.05 0 400¢ 12 16.7 362 + 45
6 0.05 0.05 0 300 12 -5 -5

7 0.05 0.05 0.1 300 35 6.7 284 +41
8 0.05 0.05 0.1 300 30 5.7 233 +45

*Reaction conditions: [o-phthalic acid] = 0.5 mol/L, heating rate = 5.4 °C/min, final temperature = 300 °C, and
holding time of final temperature = 10 min.

"Evaluated by STEM/EDX analysis.

°Calculated directly from the TEM images by measuring at least 40 assemblies.

4Same data as in Entry 1 in Table 2.1.

*Reaction mixture smelled like heavy oil, which can be ascribed to the thermal decomposition of alkylsilane at
high temperature.

‘EtOH was used as a solvent.

£Two types of structures were found (see main text). [h] Formic acid was used instead of acetic acid.

"HCOOH was used instead of AcOH.

30



TEM image STEM image EDX mapping

@
=
O

(@)

‘fc

(b)

-
.
P
- -,
g . |
, .
S < ' . \ Py . \
oA gl 3 - or o= 4
> LS g ) 3 J |
S } " ST

Figure 2.7. TEM images, STEM images, and EDX mapping of n-octyl-SiO>—TiO> NP
assemblies with compositions corresponding to (a) Entry 2, (b) Entry 3, (c) Entry 4, (d) Entry

5, (e) Entry 6, (f) Entry 7, and (g) Entry 8 in Table 2.3.
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Figure 2.8. FT-IR spectra of (a) TiO>—SiO2 NP assembly (Entry 4 in Table 2.1) and (b) n-

octyl-SiO—TiO2 NP assembly (Entry 3 in Table 2.3).
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Figure 2.9. XRD patterns of (a) n-octyl-SiO>—TiO, NP assembly (Entry 3 in Table 2.3), (b)
Si0,-TiO2 NP assembly (Entry 4 in Table 2.1), and (c) standard anatase TiO» (JCPDS 21-

1272).
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XRD analysis shows the characteristic peaks of the anatase phase for n-octyl-SiO>—TiO>
NP assemblies (Figure 2.9a), which are very similar to that of the prototype SiO>—TiO> NP
assembly. Again, the crystalline phase of SiO2 was not observed in the XRD spectra (Figures
2.7); however, a broad peak in the 20<20° region indicated the amorphous phase of SiO: in

both prototype SiO2—TiO2 NP assemblies and n-octyl-SiO,—TiO, NP assemblies.

100

95

Weight (%)

85

80

160 | 260 | 360 I 460 I 560 ' 660
Temperature (°C)
Figure 2.10. Thermogravimetric curve of n-octyl-SiO>—TiO2 composite NP assemblies

fabricated by solvothermal reaction at 300 °C (Entry 3 in Table 2.3).

To evaluate the amount of the modified alkyl group, the thermogravimetric (TG) analysis
of the resultant n-octyl-Si0,—TiO2 NP assemblies was also conducted. As indicated in Figure
2.10, TG analysis curve of the n-octyl-Si0>—TiO2 NP assemblies resulted in ca. 14% loss in
weight at 600 °C. However, owing to not only decomposition of n-octyl groups but also
dehydration of the surface Si—OH and/or Ti-OH on NP assemblies, it is difficult to put forward

a quantitative discussion on the amount of alkyl group.

33



2.3.2b. Effect of the reaction conditions on the obtained alkyl-modified SiO>-TiO2 NP

assemblies

Effect of the reaction temperature

To accelerate the hydrolysis rate of the precursors, to elevate the reaction temperature is
the easiest approach (Entries 3-5 in Table 2.3). TEM observations revealed that the hollow
spherical morphology of the obtained NP assemblies remained almost the same when the
reaction temperature varied from 300 to 400 °C (Figures 2.7b-d); however a significant
difference was observed in the chemical composition of the SiO>—TiO> assemblies, that is,
higher amounts of Si resulted from higher reaction temperature, which can be attributed to
faster hydrolysis of the silane coupling reagent at such high temperature. Unfortunately, the
reaction mixture obtained at 400 °C smelled like heavy oil, which can be ascribed to the

thermal decomposition of alkyl-silane at a high reaction temperature of 400 °C.

Effect of the second acid catalyst

As discussed in the section 2.3.1b, the effect of the second acid catalyst in accelerating the
hydrolysis rate of the alkylsilane reagents was examined (Entries 7 and 8 in Table 2.3 and
Figures 2.7f and 2.7g). The SiO>—TiO> composite NP assemblies with hollow mesoporous
morphologies and a higher Si content were obtained by the addition of AcOH. Formic acid
(HCOOH) was also effective in yielding the composite NP assemblies with a hollow
morphology (Entry 8 in Table 2.3 and Figure 2.7g). In both the cases, the size of the NP

assemblies dramatically shrank leading to the formation of “mini MARIMO” NP assemblies.

Effect of the reaction solvent

It has been reported that the reaction medium is a crucial factor that affects the hydrolysis
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and condensation processes of metal alkoxides and metal salts.[*>%] Ethanol (EtOH), with
lower polarity and higher nucleophilicity, was selected as an alternative solvent. Similar
solvothermal treatment of an EtOH solution consisting of equimolar amounts of n-octyl-
Si(OMe); and Ti(OPr)s, and o-phthalic acid afforded homogeneously mixed SiO>-TiO:
composite assemblies (Entry 6 in Table 2.3). However, a mixture of two types of spherical
hollow NP assemblies was obtained: larger diameters with thicker shells and smaller diameters
with thinner shells (Figure 2.7¢). This indicates that solvent polarity is a crucial factor in the

formation of hollow spherical structures.

2.3.2¢. Dispersibility of n-octyl-modified SiO2—TiO2 NP assemblies in media

The effect of the alkyl groups attached on the surface of the spherical NP assemblies was
assessed by their dispersibility in nonpolar and polar solvents. Toluene and MeOH were
selected as representative nonpolar and polar solvents, respectively. Aliquots of NP assemblies
with (Entry 7 in Table 2.3) and without n-octyl surface modification (TiO2 MARIMO assembly,
Entry 1 in Table 2.3) were dispersed in toluene and methanol (Figure 2.11). In the case of
nonpolar solvent (toluene), the dispersibility of n-octyl-Si0,—TiO> NP assemblies was better
than that of TiO2 MARIMO assembly, as observed from the turbidity of the corresponding
dispersions after 90 min (Figure 2.11). Under laser irradiation, the suspension of n-octyl-Si0,—
TiO, NP assemblies appeared more turbid because of its high particle density. In contrast,
agglomerates of TiO, MARIMO NPs were seen to be settled at the bottom of the tube.
However, in the case of the polar solvent (MeOH), a reverse phenomenon was observed in
which the turbidity of the TiO> MARIMO suspension was much denser than that of n-octyl-
Si0,-TiO2 NP assemblies after 90 min. This result clearly indicates the effectiveness of the

surface alkyl groups on the dispersibility of n-octyl-Si0,—TiO2 NPs in nonpolar media.
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Figure 2.11. Dispersibility test of (a) and (¢) TiO2 MARIMO NP assemblies (Entry 1 in Table
2.3), and (b) and (d) n-octyl-TiO>—SiO> NPs assemblies (Entry 7 in Table 2.3) in toluene and

methanol.

2.4. Conclusion

We succeeded in applying our simple technique to prepare the SiO>-TiO2 composite NP
assemblies and n-octyl-modified SiO>-TiO> composite NP assemblies through the one-step
solvothermal reaction. The hydrolysis rate of the Si precursor was accelerated by the addition of a
second acid catalyst and with an increase in the reaction temperature. The atomic ratio of SiO2:TiOz in
the NP assemblies was controlled by adjusting the mole ratio of Si(OEt)4Ti(O'Pr)4 in the precursor
solutions. The concentration of the acid catalyst and the reaction temperature were also critical to the
determination of Si content in the SiO>—TiO. composite NP assemblies. Although reaction at high
temperatures such as 400 °C increased the Si content in the composite NP assemblies, a partial

decomposition of the n-octyl groups during the reaction should also be considered. A positive effect on
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the formation of NP assemblies with a high content Si was observed when acetic acid was added to the
precursor solution as a second acid catalyst. A size decrease of the NP assemblies yielding “mini
MARIMO” was concomitant with an increase in the Si content in the presence of acetic acid or formic
acid. In addition, a mixture of different NP assemblies was obtained when ethanol was used as the
solvent for the reaction. The surface modification of the NP assemblies with n-octyl groups remarkably

changed the dispersibility of the TiO2 NP assemblies in a nonpolar solvent such as toluene.
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CHAPTER III

One-pot synthesis of Si0,—Ce(O; nanoparticle composites with enhanced

heat tolerance

3.1. Introduction

Nano-scale CeO; is a well-known material often used in fuel cells, biomedicine, and
catalysis. Commonly, CeO: can be used both as a catalyst and a support for noble metal
catalysts.!!"°! Importantly, one of the most interesting properties of CeO, nanomaterial is its
redox change between the coexisted Ce*" and Ce*" oxidation states in the structure associated
with the generation of oxygen vacancies, referred to as oxygen storage capacity.['*'* By these
means, the CeO; nanomaterial is a key material in catalytic applications, for example,
reforming processes, water-gas shift reaction, and thermochemical water splitting. Notably,
depending on the preparation methods, the content of oxygen vacancies and proportion of
Ce**/Ce*" in the structure of CeOz can change, leading to different catalytic activities.
Therefore, the appropriate synthetic strategies allow to control the catalytic activity of CeO>

nanomaterials.

Despite the numerous advantages of CeO,, its poor heat tolerance is a serious drawback
that limits its use in high-temperature processes.!'> During operation under high-temperature
conditions, the mobile CeO particles tend to migrate and grow resulting in large agglomerates,
following by loss of surface area of the material (Figure 3.1). As the consequence of CeO>
sintering, the activity of the CeO> nanomaterial is decreased and even deactivated. Preventing
or suppressing these sintering processes of CeO2 nanomaterials under effect of heat is required

importantly to keep the CeO> nanomaterials stable for a long-time use.
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Figure 3.1. Sintering of CeO> NPs during heating to high temperature.

Indeed, when the catalysts are used for exothermic or high-temperature reactions, the heat
tolerance of CeOx catalysts or catalyst supports are important for long catalyst life.['®-!]
However, under those high-temperature conditions, CeO> NPs are often sintered due to
migration of NPs to larger particles, which leads to loss of the surface area and the catalytic

activity.[20-22]

As mentioned previously, metal oxide NP assemblies such as SiO2, TiO2, ZrO>, and CeO»
and their composite assemblies were successfully prepared by the one-pot, single-step
solvothermal processes.>*2" Also, we succeeded in yielding the SiO»,-TiO, composite
MARIMO assemblies with the controllable Si:Ti atomic ratios by the solvothermal reaction
of a precursor solution consisting of Si(OEt)s, Ti(O'Pr)4, and acid additives in methanol, which
was discussed in chapter IL!*®! Importantly, the key to obtain the homogeneously mixed
composite Si0>—TiO2 NP assemblies is to accelerate the hydrolysis rate of Si(OEt)s by the

addition of second acid such as formic acid, because the hydrolysis of Si(OEt)4 in the precursor
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solution is much slower than that of Ti(O'Pr)s. The SiO,-TiO> composite MARIMO

assemblies generated consist of a homogeneously mixed, nano-sized anatase TiO» phase and

an amorphous SiO; phase.

As a member of the SiO2 composites, Si0.—CeO2 composites are intriguing materials,
since they exhibit higher heat tolerance than that of prototype mono-component CeO, NP
aggregates.[? 3] By mixing at nano-level, the Si0,~CeQ> composites are highly expected to
overcome the drawback of poor heat tolerance of mono-component CeOx. In the Si0>—CeO»
NP composites, the small crystallite size of CeO; and large NP surface area are retained even
under high-temperature conditions, because nano-sized CeO> primary crystals get

encapsulated in amorphous SiO, suppressing the sintering of CeO, NPs (Figure 3.2).

* Amorphous SiO,

. Cc¢O, nanoparticle

Figure 3.2. Strategy for sintering suppression of CeOz NPs in Si0,—CeO> NP composites.

However, synthesis of these Si0>—CeO, NP composites has been relatively complicated
and sometimes required multi-step processes. For example, a surfactant-aided interesting
synthetic procedure was reported./*”) However, a calcination process was necessary to remove
organic additives from the composites. In this Chapter, I applied our simple technique to
synthesize the homogeneously mixed Si0,—CeO2 NP composites through one-pot and single-
step solvothermal reaction. The enhanced heat tolerance of CeO, NPs embedded in amorphous

Si0: is also discussed.
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3.2. Experimental section

3.2.1. Materials

Methanol, cerium nitrate hexahydrate [Ce(NOs3)3-6H20], tetraethyl orthosilicate
[Si(OEt)s], and N,N,N’,N’-tetramethylethylenediamine [(CH3)NCH>CH,;N(CH3)2] were
provided by Wako Pure Chemical Industries Co. Ltd. All chemicals were used as received,

without further purification.

3.2.2. Synthesis of SiO2—CeO2 NP composites

Si0,—CeO2 NP composites were synthesized by a one-pot, single-step solvothermal
reaction of methanol solutions consisting of Si(OEt)s, Ce(NO3)3-6H,0O, and
(CH3)2NCH2CH2N(CH3)z. In a typical procedure, a methanol solution of the amine was added
dropwise to a homogeneous methanol solution containing Si(OEt)4 and Ce(NO3)3-6H>0. The
solution became turbid after the addition of the amine. The turbid mixture was transferred into
an SUS 316 stainless steel batch-type reactor. To perform the reaction, the reactor was heated
up to 300 °C at a heating rate of 5.4 °C/min and the temperature was maintained for 10 min.
Then, the reactor was put into an ice-water bath to quench the reaction. The obtained reaction
mixture was centrifuged, and the solid product was washed with methanol several times prior

to drying in vacuo.

3.2.3. Characterization

Crystalline phases of the resultant NP composites were identified by X-Ray

diffractometry (XRD) on a Rigaku SmartLab diffractometer using graphite-monochromated
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Cu-K, radiation. The crystallite sizes of CeO, were determined by the Scherrer equation as

given below.[2!343°]

D= K2
~ B(cos )

Where D is the mean size of the crystallite domains (nm). K is a dimensionless shape
factor with value of 0.9 used in this study. A iS wavelength of X-ray (nm). B is the line
broadening at half the maximum intensity (Full Width at Half Maximum, FWHM) using a

peak at 26 = 28.6 ° in the XRD patterns and 0 is the diffraction angle.

Transmission electron microscopy (TEM) images were taken on a JEOL JEM-2100F
microscope. The elemental compositions of the composites were quantified by energy
dispersive X-ray (EDX) spectroscopy using an Oxford INCA X-max 80 EDX spectrometer,
attached to the TEM instrument. The specific surface area and pore size distribution of the
Si10,—CeO2 NP composites were calculated using the Brunauer—Emmett—Teller (BET) method
and Barrett-Joyner-Halenda (BJH) method, respectively, based on the nitrogen
adsorption/desorption isotherm obtained on a BELSORP-mini II instrument (MicrotracBEL

Corp).

To evaluate oxygen adsorption ability for commercial CeO,, as-prepared CeO2, and as-
prepared 0.5/Si0,—CeO, composite, temperature-programmed desorption of oxygen (O2-
TPD) was carried out in a flow-type reactor (BELCAT I, MicrotracBEL Corp.). The samples
were pretreated in He for 1 h at 300 °C prior to O2 adsorption (20 mL/min) at 35 °C for 30
min. Then, He was purged for 30 min to completely remove physically adsorbed O before
the O>-TPD experiment was run from 35 °C to 600 °C at a ramping rate of 5 °C/min for the

desorption.
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3.3. Results and discussion

3.3.1. Synthesis of CeO2 NP aggregates and SiO2—CeO2 NP composites under basic

conditions

As mentioned previously, we have developed a novel approach for obtaining SiO>—TiO>
composite MARIMO assemblies by solvothermal reactions of precursor solutions consisting
of Si(OEt)4, Ti(O'Pr)4, and o-phthalic acid in methanol.!*®! Since the hydrolysis rate of Si(OEt)4
was slower than that of Ti(O'Pr)4, formic acid was added to the precursor solution as an acid
catalyst to accelerate the hydrolysis of Si(OEt)4. The homogeneous SiO,—CeO, MARIMO
composites was expected to be prepared by a similar method, using formic acid as a catalyst

to accelerate the hydrolysis of Si(OEt)4.

Scheme 3.2. Schematic of synthesis of the SiO>—-TiO2 MARIMO NP assemblies in the

presence of phthalic acid and formic acid.

COOH
] MeOH
Si(OEt), + Ti(O'Pr); + + HCOOH ——mM»

COOH

Si0,-TiO, NP
composites

However, a large amount of formic acid with Ce(NO3)3-6H20 in methanol in the
solvothermal reaction led to the formation of cerium formate [Ce(OCHO)s] instead of CeO,.
Therefore, herein I used basic conditions, using (CH3)NCH>CH>N(CH3), (TMEDA) to

accelerate the hydrolysis of Si(OEt)4 in methanol (Scheme 3.2).
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Scheme 3.2. Schematic of synthesis of Si0,—CeO> NP composites in a basic condition.

MeOH
Si(OEt); + Ce(NO3);6H,0 + (CHj3),NCH,CH,N(CH,);3 >
300 °C, 10 min
(]
Si0,-CeO, NP
composite

A precursor solution containing Si(OEt)4 (0.1 mol/L), Ce(NO3)3-6H20 (0.1 mol/L), and
TMEDA (0.2 mol/L) in methanol (3.5 mL) was treated under solvothermal conditions at 300
°C to yield a powdery product of 0.5/Si0>—CeO», where the number 0.5 denotes the atomic
fraction of Si to the total number of Si and Ce atoms in the precursor solution. TEM images
and STEM/ EDX mappings clearly show that the 0.5/Si0O,—CeO2 NP composites contained

ultrafine primary NPs, in which Si and Ce atoms were homogeneously mixed within the

resolution limitation of our TEM (Figures 3.3a-d). The XRD pattern showed that the 0.5/SiO>—
CeO2 was comprised of cubic CeO: and, surprisingly, its crystallite size was as small as 2.2
nm, estimated by the Scherrer equation (Table 3.1, Figure 3.3¢). On the other hand, diffraction

peaks of SiO2 were not observed, clearly indicating that SiO; exists as an amorphous phase.
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Figure 3.3. TEM image (a), STEM image (b), EDX mappings of Ce (c) and Si (d), and XRD

pattern (e) of 0.5/SiO,—CeO2 NP composites. The reference peaks of JCPDS 00-004-0593 for

CeO; are shown by the orange line.

Similar reactions using precursor solutions with different Si(OEt)4:Ce(NO3)3 mole ratios

also yielded the homogeneously mixed SiO>—CeO> NP composites (Table 3.1, Figure 3.4). An

almost linear correlation was observed between Si mole fraction in the precursor solutions and

those in the obtained NP composites (Figure 3.5). The CeO: crystallite size dramatically
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decreased in proportion to SiO; content in the SiO,—CeO> NP composites (Figure 3.6).

Consequently, the specific surface area of the obtained SiO>,—CeO, NP composites drastically

increased with increased Si content (101-314 m?/g, Table 3.1).

C

STEM EDX mappings
C pping Si

Ce( ): (cubic)

W

0.1/8i0,-CeO,

Intensity (a.u.)

0.25/5810,-CeO,
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-

T
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Figure 3.4. STEM images, EDX mappings of Ce and Si, and XRD patterns of 0.1/SiO,—CeO>

and 0.25/Si0>—CeO2 NP composites. The reference peaks of JCPDS 00-004-0593 for CeO>

are shown by the orange line.
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Figure 3.5. Plot of atomic fractions of Si in the SiO>—CeO> composite NP assemblies
estimated by EDX against the Si(OEt)4/(Si(OEt)s + Ce(NO3)3-6H20) mole fractions in the

precursor solutions (Table 3.1).
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Figure 3.6. Dependence of the CeO; crystallite size on SiO; content in the Si0,—CeO> NP

composites.
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Figure 3.7. Nitrogen adsorption (closed symbols)/ desorption (open symbols) isotherms of the

as-prepared composites: (a) CeOz, (b) 0.1/Si02—-CeO, (c) 0.25/Si02—CeOz, and (d) 0.5/SiO2—
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Figure 3.8. Barrett-Joyner-Halenda (BJH) pore size distribution plot of the as-prepared

composites: (a) CeO, (b) 0.1/Si0.—Ce0, (c) 0.25/Si0,—Ce02, and (d) 0.5/Si0>—CeO:».
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Figure 3.9. O>-TPD profiles of the as-prepared SiO>—CeO: (purple line), CeO> (black line),

and commercial CeO2 samples (orange line).

The nitrogen adsorption/desorption isotherms and pore size distributions shown in
Figures 3.7 and 3.8, respectively, indicate mesoporous structure of the as-prepared SiO>—CeO>
composites with type IV isotherms. Small CeO; crystallite size [*>** and large specific surface
areal??*1:31 of Si0,—CeO, composites, and a similar trend of decreasing CeO; crystallite size
with increasing SiO» concentration*®! are also reported. However our synthetic procedure is
so simple as compared with theirs, and, in our case, a large-scale synthesis would be possible
by using autoclaves with larger volume or continuous reactors. In addition, preliminary
experiments of O»-TPD patterns of the prepared CeO> and 0.5/SiO>—CeO, composites are so
different (Figure 3.9), which could be ascribed to the effect of the SiO> domains in the SiO>—

CeO, composites.
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Table 3.1. Yield, atomic% of Si, the crystallite size of CeO,, specific surface area, and pore
diameter of the as-prepared SiO>—CeO> NP composites.

Yield Atomic% of Si° CeO, crystallite Specific surface area® Pore diameter®

Sample?

(%)  Si/(Si+Ce)x100 (%) size®(nm) (m?/g) (nm)
Ce0; 73 0 6.2 81 <2.4f
0.1/Si0,-CeO, 91 9.2 4.5 101 <2.4f
0.25/Si0,—Ce0O, 95 15 3.8 127 4.2
0.5/Si0,—CeO, 82 49 2.2 314 4.2

¥The numbers of 0.1, 0.25, and 0.5 denote the atomic fraction of Si to the total number of Si and Ce atoms
in the precursor solutions.

Evaluated by STEM/EDX analysis on TEM.

“The Scherrer equation was used to estimates crystallite size.

9The BET method was used.

°The BJH method was used.

fToo small to be estimated on the basis of the BJH method.

3.3.2. High heat tolerance of SiO2—CeO2 NP composites

Thermal stability of NPs is one of the most important properties for many applications,
such as catalysis under high-temperature conditions. The obtained SiO,—CeO, NP composites
were calcined at an elevated temperature to evaluate their thermal stabilities. CeO; crystallite
sizes were estimated by the Scherrer equation (Table 3.2, Figures 3.10 and 3.11). In the case
of the prototype CeO2 NP aggregates, the broad peaks changed to sharp ones as the calcination
temperature was increased (Figure 3.10a), and the estimated crystallite size of 6.2 nm (as-
prepared) became as large as 54 nm (1000 °C) (Table 3.2). However, with increased SiO>
content in the composites, the shapes of diffraction peaks remained broad, even after
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calcination at high temperature (Figures 3.10b-d). It is worthwhile to mention that CeO>
crystallite size in the 0.5/Si0,—CeO, NP composites maintained a nanometer-order size of 4.4
nm, even after calcination at a temperature of 850 °C for 3 h, indicating that the heat tolerance

of the CeO2 NPs in 0.5/Si0,—CeO, NP composites was greatly improved.
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Figure 3.10. XRD patterns of (a) CeOz, (b) 0.1/SiO.—CeO-, (c) 0.25/Si0>—CeO2, and (d)
0.5/Si0,—CeO: calcined at different temperature for 3 h. The reference peaks of CeO> JCPDS

00-004-0593 are shown by the orange lines.

Interestingly, no XRD peak related to SiO> was observed, even after calcination at 1000
°C for 3 h, suggesting that the SiO> present was purely amorphous in all the SiO,—CeO, NP
composites. Figure 3.11 summarizes the heat-tolerance enhancement of the primary CeO> NPs
in the SiO,—CeO, NP composites due to SiO> content. In particular, the primary CeO2 NPs in

the 0.5/Si0>—CeO2 NP composite exhibited excellent heat tolerance up to 850 °C for 3 h
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Figure 3.11. CeO> crystallite size change of SiO>—CeO> NP composites as a function of
calcination temperatures. Those values were calculated by using the Scherrer equation and

were shown in Table 3.2. The samples were calcined for 3 h at different temperatures.

Table 3.2. Crystallite size of CeO; in Si0,—CeO, NP composites calcined for 3 h at different

temperatures.
CeO; crystallite size* (nm)
Sample . . . . .
Calcined at Calcined at Calcined at Calcined at Calcined at
As-prepared

450 °C 600 °C 700 °C 850 °C 1000 °C
CeO; 62(5.7+1.1) 79(.5+1.5) 12(11.0£1.9) 20(-) 41 (5 54 (-)
0.1/Si0:-CeOs  45(49+13) 50(42+07) 60(62+1.0) 798.0+19) 13.7(15+5 30@42+13)
0.25/Si0-Ce0; 3.8 (43+07) 3.6(3.8=08) 39(44+09) 47(52+09) 81@®0x17) 1@

13(9.5+1.4)

0.5/Si0,-CeO,  2.2(2.7+0.6) 2.0(4.0+0.9) 2.7(3.0£0.7) 3.1(4.0+08) 4.4 (4.7+0.7)

*The Scherrer equation was used to estimate crystallite size.

Mean values from TEM images of at least 40 primary particles are given in the parentheses.
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The sintering phenomena of the SiO,—CeO> NP composites were also directly checked
by TEM observations (Figure 3.12). Particle sizes of CeO> in the CeO; aggregates and SiO>—
CeO> NP assemblies estimated directly from TEM images shown in parentheses in Table 3.2
are well consistent with CeO: crystallite sizes estimated by Scherrer equation using XRD

patterns.

Si mole fraction
As-synthesized 700 °C 850 °C 1000 °C

L 3

Calcination temperature (°C)

v

Figure 3.12. TEM images of the SiO,—CeO> NP composites calcined at different temperatures

for 3 h.
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Table 3.3. Specific surface area of as-prepared and 3 h calcined CeO2 NP aggregates and
Si0,—CeO2 NP composites at different temperatures.

Specific surface area® (m?/g)

Sample
P Calcined at  Calcined at Calcined at  Calcined at
As-prepared®
450 °C 600 °C 700 °C 850 °C

CeO: 81 83 46 17 —c
0.1/S810,—CeO; 101 104 69 44 17
0.25/S10,—CeO, 127 130 118 94 49
0.5/810,—CeO, 314 182 149 161 49

aEvaluated by BET method.
bSame values to Table 1.

¢Too small to be calculated.

High specific surface area of NP assemblies is also an essential property in many practical
applications. Retention of high specific surface area of CeO2 NPs, even under harsh high-
temperature conditions, is an important problem to be solved. To determine the calcination
temperature dependence of specific surface area, CeO2 NP aggregates and SiO>—CeO. NP
composites were calcined (Table 3.3). When prototype CeO> NP aggregates were calcined,
the specific surface area drastically decreased. This result is in sharp contrast to the SiO—
CeO2 NP composites, where the decrease of specific surface area was retarded by increasing
the SiO> content in the SiO>—CeO> NP composites. In the case of 0.5/Si0,—CeO, NP
composites, a large decrease of specific surface area was observed for calcination at 450 °C,
while only a small decrease was observed at higher temperatures up to 700 °C, as expected.

However, calcination at 850 °C for 3 h decreased specific surface area to 49 m?/g, indicating
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that the conditions are too severe for 0.5/Si0>—CeO> to maintain its porous structure. Thus,
enhanced heat tolerance of 0.5/Si0>—CeO> NP composites up to 700 °C was also confirmed

by means of the specific surface area changes.

3.3.3. Long-term heat tolerance of 0.5/SiO2—CeO2 NP composites

Besides the heat resistance of the material against deformation/sintering at high
temperature, long-term thermal stability of the materials is also an important requirement,
especially for the applications involving the high-temperature reactions. As discussed in the
part 3.3.2, the 0.5/Si0>—CeO> NP composites exhibited the excellent heat tolerance up to 850
°C for 3 h with a slight growth of CeO- crystallites as compared to the CeO> agglomerates.
Their long-term thermal stability was estimated through CeO: crystallite size changes at 700
°C. In this experiment, the 0.5/Si0>—CeO; composites were kept in the furnace at 700 °C for
different time intervals varied from 3 to 72 h, respectively. The change of CeO: crystallite size
and specific surface area at the different calcination time of the 0.5/Si0,—CeO, NP composites
were given in Table 3.4. XRD patterns and TEM images of those calcined sample were

presented in Figures 3.13 and 3.14, respectively.

As shown in Figure 3.13a, peaks in the XRD profiles of 0.5/SiO,—CeO> NP composites
became slightly broader, however no drastic change was observed in TEM images of the
calcined SiO,—CeO2 NP composites until 72 h of calcination (Figures 3.14a-f). Indeed, the
estimated CeO: crystallite sizes by both XRD and TEM changed slightly from approximately

2 nm to the 3—-4 nm range, even after 72 h calcination at 700 °C (Table 3.4 and Figure 3.13Db).

In addition, specific surface area remained at 105 m?/g, even after 72 h calcination at 700 °C.

Therefore, | succeeded in suppressing the sintering of the CeO> NPs using a simple approach

of mixing CeO2 NPs and SiO2 NPs homogeneously.
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Table 3.4. CeO> crystallite size and specific surface area of the as-prepared and the

calcined 0.5/S10,—CeO2 NP composites.

Calcination time* (h) CeO; crystallite size® (nm) Specific surface area® (m%/g)
As-prepared 2.2(2.7£0.6) 314
3 3.1 (4.0+0.8) 161
6 3.1(3.7+0.7) 140
12 32(3.5+£0.7) 122
24 353.7£0.8) 117
72 3.4(3.3£0.5) 105

*Sample was calcined at 700 °C for different time intervals.
"The Scherrer equation was used to estimate crystallite size. Mean value from TEM images at least
40 primary particles are given in the parentheses.

°Calculated by the BET method.

(a) 700 °C calcined 0.5/Si0,-CeO, (b)
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Figure 3.13. (a) XRD patterns and (b) CeO: crystallite size of as-prepared and calcined

0.5/Si0>—CeO2 NP composites. The reference peaks of JCPDS 00-004-0593 for CeO, are

shown by the orange line.
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Figure 3.14. TEM images of 0.5/SiO>—CeO, NP composites: (a) as-prepared, and calcined for
(b) 3h, (c) 6h, (d)12h, (e) 24 h, and (f) 72 h at 700 °C. The reference peaks of JCPDS 00-

004-0593 for CeO: are shown by the orange line.

3.3.4. A mechanism of high heat tolerance of SiO2—CeO2 NP composites

To confirm the high heat tolerance of SiO>—CeO2 NP composites, in which primary CeO-
NPs are embedded in amorphous SiO2, TEM observations of completely sintered 0.5/SiO2>—
CeO2 NP composites after calcination under harsh conditions at 1000 °C for 3 h were
performed (Figure 3.15). As shown in Figures 3.15a and 3.15b, the calcined 0.5/SiO>—CeO>

NP composites consist of inhomogeneous dark and bright areas, forming a domain structure

that would be ascribed to CeO2 NPs and amorphous SiO2 matrix, respectively. The observation
of the inhomogeneous domain structure clearly indicates phase separation of the Si0, and

CeO;, domains from the SiO>—CeO2 NP composites (Figure 3.16). The size of CeO, domains,
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corresponding to darker spots, increased to 9.5 nm (TEM) after high-temperature calcination
at 1000 °C for 3 h (Table 3.2). A similar phenomenon was also observed by Dunne et al. when

Ce0>-Si0> materials were heated up to 900 °C.?° Thus, TEM observations strongly support

the sintering resistance mechanism of Si0>,—CeO, NP composites.

10 nm 50 nm e 50 nm

Figure 3.15. (a) TEM image, (b) STEM image, and (c, d) EDX mappings of 0.5/SiO>—CeO>

composite NP assemblies calcined at 1000 °C for 3 h.

High temperature

® CcO, domain

® Si0O, domain

Si0, layers
encapsulating CeO,
domains at high
temperature.

Figure 3.16. Mechanism of high heat tolerance of SiO>—CeO, NP composite. The TEM

images of as-prepared and calcined at 1000 °C 0.5/Si0>—CeO> NP composite.
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3.4. Conclusion

We provided a novel solvothermal method to yield ultrafine SiO,—CeO2 NP composites
with large surface areas and excellent heat tolerance of CeO> NPs. The Si:Ce ratios in the
Si02,—CeO2 NP composites were freely controllable with mole fraction of Si to total mole
number of Si and Ce varied from 0 to 0.5 in the precursor solutions. Along with the increase
of SiO; content in the SiO,—CeO2 NP composites, the primary particle size of the resultant
CeO2 NPs became remarkably small, and their specific surface area drastically increased. In
the 0.5/Si02—CeO2 NP composites, a 2.2 nm (XRD) primary particle size of the resultant CeO>
NPs and 314 m?/g in the specific surface area were achieved. Heat tolerance of the primary
CeO2 NPs was dramatically enhanced by mixing with SiO2, where only slight enlargement of
the primary CeO; NPs was observed, even after calcination under the harsh high-temperature

conditions of 850 °C for 3 h and at 700 °C for 72 h.
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CHAPTER IV.

CeO; Nanocomposites for Sintering-Resistant Catalyst Supports

4.1. Introduction

A number of studies have been focused on utilizing various kinds of metal oxide and
mixed oxide nanomaterials for catalytic processes due to the excellent catalytic activity of
these materials. In the catalytic systems, active metal NPs dispersed on the oxides or mixed
oxide supports are widely used for a wide variety of reactions. However, as a critical issue of
the catalysts, a loss of catalytic activity of the catalysts over time occurs certainly for most
catalytic processes. Among those reasons of catalyst activity loss/deactivation, thermal
sintering of metal NPs and the thermal deformation of catalyst supports in supported catalysts
are critical issues in practice, especially when catalysts are applied to high-temperature
catalytic processes.[*®! In general, nano-sized metal particles and their supports tend to
migrate under severe reaction conditions, such as high temperature, generating enlarged
agglomerates with a morphological change as well as losing their surface area and catalytic
activity.[*"1 Therefore, it is crucial to retain the original size and morphology of both metal
nanoparticles and catalyst supports. Several anti-sintering strategies in both chemical and
physical approaches, for example, alloying, ligand-assisted pinning, encapsulation (e.g., core-
shell and core-sheath), and fixing metal nanoparticles on defects of catalyst supports, have

been investigated.[*4 These strategies, however, are still in progress.

Considering the long-term usability of the supported catalysts, not only the catalytic
activity and tolerance of the active metal catalysts but those of the oxide supports should be
considered as important factors. As previously mentioned, the NP assemblies of mono-

component oxides as well as their mixed oxides were prepared by the one-pot and single-step
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solvothermal approach. The obtained MARIMO assemblies consist of an ultrafine nano-
concave—convex surface with a huge surface area.[*>71 For example, the TiO, MARIMO
assembly consists of numerous primary nanoparticles with ca. 5 nm diameter, and the specific
surface area exceeds 200 m?/g and reaches 400 m?/g. Therefore, the TiO2 MARIMO assembly
with its large specific surface area and nano-concave—convex surface structure is expected to
be an excellent support for catalyst metal nanoparticles, because the nano-concave—convex
surface structure can disperse metal nanoparticles well and prevent metal nanoparticles from
migrating to aggregates. Indeed, the use of the TiO> MARIMO assembly as a catalyst support
successfully enhanced the dispersion of Au nanoparticles on the surface and suppressed the
sintering of Au nanoparticles during highly exothermic CO oxidation.[*®1 However, the heat
tolerance of the TiO2 support turned out to be insufficient in this reaction, and the support
gradually started to be sintered, which impelled us to study better supports with higher heat

tolerance.

Among metal oxides utilized for catalytic applications, CeO- is an attractive material
because of its high and unique catalytic activity derived from Ce3*/Ce** redox change.[** %]
Additionally, a possible strong interaction between CeO» and metal nanoparticles such as Ru,
Pd, and Pt would enhance metal dispersion, catalytic efficiency, and suppression of migration
of active metal nanoparticles.’?-33 Moreover, the properties of CeO, can be tuned or enhanced
by mixing with other metal oxides at a nano-level to yield CeO, nanocomposites. In chapter
[11, I mentioned that the SiO>—CeO> nanocomposites with a 1 : 1 Si:Ce mole ratio exhibited a
large specific surface area exceeding 300 m?%/g, as well as excellent heat tolerance with almost
no serious damage under heating at either 700 °C for 24 h or 850 °C for 3 h, compared to
monocomponent CeO,.* With these advantages, CeO; assemblies and CeO2 nanocomposites
with ultrafine surface roughness, which are synthesized by our original solvothermal synthesis

method, are highly expected to be effective and sintering-resistant catalyst supports, especially
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when the reaction is performed at an elevated temperature (Figure 4.1).
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Figure 4.1. A proposed sintering-prevention of the supported catalyst on large surface area

and high heat tolerance supports.

In this Chapter, we report the heat tolerance of the prepared CeOz-based materials, as
sintering-resistant supports, including CeO. assemblies, SiO>—CeO, nanocomposites, and
TiO—CeO2 nanocomposites. Methanation of CO2 by H> catalyzed by Ru, which is one of the
most important reactions for CO> recycling.*5-3" was selected as a probe reaction to estimate

sintering resistance of the catalysts, since the reaction is known as a highly exothermic reaction

(Eq.1).

When the methanation is performed in a small scale, temperature control of the catalyst

bed is relatively easy because of small amount of generated reaction heat from the exothermic
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reaction. However, in the case of large scale reaction, such as bench-top scale or more, total
amount of the reaction heat is quite much. In this case, temperature control of the catalyst bed
becomes seriously important. If the methanation reaction meet “runaway (out of control)”
accidentally, the catalysts will be exposed to high temperature, which surely leads to sintering
of the catalyst Ru nanoparticles. Once sintering of the Ru nanoparticles occurs, catalytic
activity will be lost and no recovery can be expected even after the catalyst bed temperature
is lowered. In order to avoid such catastrophic situation, the reactant gases are sometimes
diluted by inert gas or the reactor is cooled from the outside not to reach such high temperature,
which need more cost practically. Then, if the catalysts for the exothermic reactions could
tolerate such accidental and/or unexpected temperature jump, it would be very meaningful to
realize sintering-resistant catalytic systems. Thus, for exothermic CO> methanation, sintering
suppression of the supported metal nanoparticle catalyst under unexpected high temperature

conditions is extremely important in order to keep the catalysts stable.

4.2. Experimental Section

4.2.1. Materials

Methanol, cerium nitrate hexahydrate (Ce(NOs3)3-6H20), tetraethyl orthosilicate
(Si(OEt)s), titanium tetraisopropoxide (Ti(OPr)s), sodium hydroxide (NaOH), ruthenium
chloride trihydrate (RuCl3-3H20), N,N,N',N'-tetramethylethylenediamine
((CH3)2NCH2CH2N(CH3)2, TMEDA), commercial cerium oxide (commercial CeO>), and
washed sea sand (425~850 um) were purchased from FUJIFILM Wako Pure Chemical

Corporation. All chemicals were used as received without further purification.
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4.2.2. Preparation of the CeO:2 Assembly, SiO2-CeO2 Nanocomposite, and TiO2-CeO2

Nanocomposite

Synthesis of the CeO; assembly and SiO>—CeO> nanocomposite was carried out by the
solvothermal reaction of a precursor solution including Ce(NO3)3-6H>O (0.1 mol/L), Si(OEt)4
(0.1 mol/L), and TMEDA (0.2 mol/L) in methanol (3.5 mL) at 300 °C according to a similar
procedure described in Chapter III. The TiO>—CeO> nanocomposite with a 1:1 molar ratio of

Ti/Ce was prepared by a similar procedure using Ti(OPr)4 instead of Si(OEt)a.

4.2.3. Preparation of Ru Catalysts

Supported Ru catalysts were prepared by the precipitation—deposition method with an
intended Ru amount of 3 wt%. The powdery support (1g, commercially available and
solvothermally prepared) was dispersed in 27 mL of reverse osmosis water prior to the addition
of 80 mg of RuClz-3H>0. NaOH solution (0.1 mol/L) was added slowly to the suspension with
vigorous stirring to adjust the pH to 8.0~8.5. The mixture was vigorously stirred for another
3 h, and then the mixture was centrifuged. The obtained precipitate was collected and washed
three times with water and dried at 60 °C for 12 h in an oven. The obtained powdery product
was reduced in a mixed gas stream of H> and N> (40% H> and 60% N2) at 200 °C for 3 h. The
obtained 3 wt% Ru catalysts supported on the commercial CeO; assembly, solvothermally
prepared CeO: assembly, solvothermally prepared SiO>—CeO> nanocomposite, and
solvothermally prepared TiO>—CeO2 nanocomposite are denoted as Ru/commercial CeOo,

Ru/CeO2, Ru/Si0>—Ce02, and Ru/TiO>—CeO», respectively.

4.2.4. Characterization

Transmission electron microscopy (TEM) images were taken using a JEOL JEM-2100F
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microscope. High-angle annular dark-field scanning TEM (HAADF-STEM) and energy-
dispersive X-ray spectroscopy (EDX) were performed on an Oxford INCA X-Max 80 EDX
spectrometer with the above TEM instrument. Nitrogen (N2) adsorption/desorption
experiments were conducted on a MicrotracBEL BELSORP-mini II. The specific surface area
was calculated using the Brunauer—Emmett—Teller (BET) method through obtained N>
adsorption—desorption isotherms. The crystalline phases of the resultant nanoparticle
nanocomposites were identified by X-ray diffraction (XRD) on a Rigaku SmartLab
diffractometer using graphite-monochromated Cu Ka radiation. Hard X-ray photoelectron
spectroscopy (HAXPES) measurements were performed at BL15XU of SPring-8. The
excitation photon energy was fixed to 5.95 keV, and the total energy resolution was set to

240 meV.

The reducibility of these prepared catalysts was studied by temperature-programmed
reduction of hydrogen (H>-TPR) with a flow-type reactor (BELCAT II; MicrotracBEL). The
catalysts (50 mg) were pretreated in a mixed gas flow of O2/Ar (20% O2 and 80% Ar) at 300 °C
for 30 min prior to H>-TPR. The H>-TPR experiment was executed in a temperature range of

40-900 °C, with a ramping rate of 10 °C/min, in a mixed gas of 6% Hb> in Ar.

Pulsed chemisorption using CO gas (CO chemisorption) was carried out to characterize
the Ru active sites of the catalysts. 100 mg of the catalysts was pretreated by H» at 120 °C for

15 min prior to CO adsorption with a mixed stream of 5% CO in He at room temperature.

4.2.5. Evaluation of Catalytic Activity

The catalytic activity of the Ru catalysts for CO> methanation was tested using the flow-
type reactor (BELCAT II; MicrotracBEL). Before performing the reaction, the catalyst sample

(100 mg) diluted by the washed sea sand (100 mg) was packed into the reactor and then
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pretreated under a Ha stream at 120 °C for 15 min. Then, CO; methanation was conducted by
feeding an inlet gas stream of CO2/H2/Ar (5% CO2, 20% Ha, and 75% Ar) at a total flow rate
of 20 mL/min. The outlet gases were analyzed by a gas chromatograph (GC3200; GL

Sciences) using a thermal conductivity detector.

The stability and durability of the catalysts against sintering were evaluated through three
different experiments: three-run test, 10-cycle test, and long-term stability test. In these
catalytic tests, the reaction processes were sequentially repeated several times or constantly
kept under high temperature conditions. For the three-run test, the whole CO, methanation
process in a temperature range of 150-600 °C was sequentially repeated three times. The
temperature step and the reaction time at each temperature were kept at 50 °C and for 30 min,
respectively. The 10-cycle test was carried out by repeating CO2 methanation 10 times at a
low temperature of 50 °C and a high temperature of 300 °C alternately (Figure 4.2). In each
cycle of the 10-cycle test, the reaction time was kept at 30 min at each temperature. The long-
term stability test was performed over a period of 24 h at a constant temperature of 400 °C. In
the cases of the three-run test and the 10 cycle test, 100 mg of catalysts were used, while 25
mg of catalysts were used in the long-term stability test in expectation of earlier activity loss

of the catalysts.

CO, methanation

Before test After test
CO,/H,/Ar
Ru catalyst > » | Ru catalyst
50°C 300°C :
30 min 30 min .
A - _J 10 times
Temp. | 300°C
50°C >
Time

Figure 4.2. Schematic of the ten-cycle CO2 methanation test.
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Table 4.1. Properties of CeO, assemblies and CeO> nanocomposites supported Ru catalysts.

Ru particle size (nm)

Ru Ru CeO> Specific
Sample® dispersivity® content!crystallite surface
From From CO
(%) (Wt%) size® (nm) area’ (m%/g)
TEM® chemisorption®
Ru/commercial
7.7+32 15.0 9.0 1.2 49 4.0
C602
As- Ru/CeO» —= 1.6 83.4 4.2 6.1 93
prepared Ru/SiO»>-CeO, 0.6+0.3 2.6 52.3 4.0 1.7 180
2.2
Ru/TiO,—CeO, 1.0+0.2 1.6 81.2 3.1 177
Ru/commercial
9.6 4.8 — — 1.9 48.7 3.9
CeO;
Aftera  puiceo, e — — 42 103 39.6
three-
Ru/Si0—CeO; 1.2+04 — — 4.5 1.7 61.1
run test
Ru/TiO—CeO, 1.4+ 03 — — 3.2 2.1 68.3

®The Ru catalysts (3 wt%) deposited on commercial CeO,, prepared CeO,, SiO,—CeO,, and TiO>—CeO,
supports.

"Estimated by TEM images from at least 50 Ru particles.

°Calculated from CO adsorption measurements.

dQuantified by STEM/EDX analysis on TEM.

°The Scherrer equation was used.

The BET method was used.

¢Too small to be estimated by TEM.
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4.3. Results and Discussion

4.3.1. Properties of Ru Catalysts Supported on CeO2-Based Materials

Due to the fact that the large specific surface area and excellent heat tolerance of catalyst
supports are quite suitable for good dispersion and stabilization of catalyst metals, our reported
Si10,—CeO2 nanocomposites are potential supports to suppress the sintering of catalyst metals.
I also selected the TiO,—CeO2 nanocomposite as a different type of support here, because some

interactions between catalyst metals and TiO2 supports can be expected.[*3*]

Dispersion of metal nanoparticles on supports is an essential factor that directly
influences the catalytic activity in supported catalysts. The properties of the as-prepared
catalysts were investigated using TEM, HAADF-STEM, EDX, CO chemisorption, XRD, and
HAXPES measurements (Table 4.1, Figures 4.3-4.8). The TEM observations and CO
chemisorption of the as-prepared catalysts reveal that the Ru particle size on commercial CeO-
(Ru/commercial CeO») was quite large (7.7 nm by TEM) as compared to those of Ru on the
prepared CeO2 (Ru/CeQ2), the Si0,—CeO> nanocomposite (Ru/Si0,—CeQ>), and the TiO>—
CeO2 nanocomposite (Ru/TiO>—Ce0O2) (Figure 4.3). In the case of Ru/CeO., the Ru
nanoparticles were too small to be recognized in the TEM image. In the cases of Ru/SiO>—
CeO2 and Ru/Ti0,—CeO», the average Ru nanoparticle sizes were measured to be so small, 0.6

and 1.0 nm, respectively.

The average crystallite sizes of CeOz in Ru/CeOz (6.1 nm, Scherrer equation), Ru/SiO>—
CeO2 (1.7 nm), and Ru/TiO—CeO; (2.2 nm) are much smaller than that in Ru/commercial
CeO: (49 nm), resulting in a much larger specific surface area of Ru/CeOz (93 m?/g), Ru/SiO>—
CeO; (180 m?/g), and Ru/TiO,—CeOx (177 m?/g) than that of Ru/commercial CeO2 (4.0 m%/g).
In addition, the Ru dispersivity of Ru/CeO2, Ru/Si0>—CeO», and Ru/TiO>—CeO> determined

by CO pulse experiment is much better than that of Ru/commercial CeO>. Homogeneous
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distribution of Ru nanoparticles was also confirmed by STEM/EDX measurement of the
supported Ru catalysts. The Ru contents were 1.2, 4.2, 4.0, and 3.1 wt% for Ru/commercial
Ce02, Ru/CeO2, Ru/Si0,—Ce0», and Ru/TiO,—CeO», respectively. Thus, the Ru nanoparticle
and CeO> crystallite sizes of the prepared Ru/CeO», Ru/Si0>,—CeO,, and Ru/TiO>—CeO> are

much smaller than those of Ru/commercial CeQOx.

7.7 £ 3.2 nm

2 4 6 8 10 12 14 16 18 20
Diameter (nm)

900 nm

0.6+ 0.3nm

Count

10nm " 10 nm 0 05 JE 15 2
— i Diameter (nm)

1.0+ 0.2nm

i x 0 05 1 15 2
10nm R Diameter (nm)

Figure 4.3. TEM and/or STEM/EDX images and Ru size distribution on the prepared
catalysts: (a) Ru/commercial CeO2, (b) Ru/CeO2, (¢) Ru/Si0,—CeO», and (d) Ru/TiO—CeOo.
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Figure 4.4. HR-TEM image of the as-prepared Ru/commercial CeO- catalyst.

Figure 4.6. TEM images of the Ru/TiO,—CeO: catalyst.
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Figure 4.7. XRD patterns of the as-prepared catalysts. The reference peaks of JCPDS 00-004-

0593 for CeO> cubic and JCPDS 01-073-7011 for Ru metal were shown in the khaki and cyan

lines.

Next, the XRD patterns of the prepared catalysts Ru/CeO2, Ru/Si0,—CeOz, and Ru/TiO>—
CeO» showed only reflection peaks ascribed to cubic CeO», whereas no peaks derived from

Ru, SiO», and/or TiO, were detected (Figure 4.7), indicating that SiO; and TiO2 in the
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nanocomposites existed in amorphous phases. The existence of Ru on the CeO> and SiO>—

CeO2 supports was also confirmed by HAXPES measurements (Figure 4.8).
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Figure 4.8. HAXPES Ru 3d and Ru 3p spectra of the as-prepared catalysts: (a) Ru/CeO», (b)

Ru/Si0,-CeO; and (c¢) Ru/TiO,—CeO0s.

81



The H>-TPR experiments were performed in order to clarify the surface properties of the
catalyst supports and Ru nanoparticles on the supports (Figure 4.9). As a result, three types of
responses were mainly observed for the prepared Ru/CeO», Ru/SiO>—CeO., and Ru/TiO>—
CeO: (Figures 4.9b—4.9d), whereas two responses were found for Ru/commercial CeO»
(Figure 4.9a). The peak that appeared at 100200 °C can be attributed to the reduction of
ruthenium oxides.***!! The peaks at 250-350 °C and around 800 °C can be ascribed to the

[27:42-44] "1 addition, a peak was

reduction of the surface and the bulk of CeO», respectively.
observed at 550-600 °C only in the case of Ru/TiO>—CeO2, which can be assigned to the
reduction of Ti0..[*! Therefore, the surface oxidation states of the prepared Ru/CeOa,
Ru/Si02—CeO2, and Ru/TiO>—CeO; are different from that of Ru/commercial CeO,. Moreover,
in the case of the prepared Ru/CeO., Ru/SiO>—CeO., and Ru/TiO>—CeO3, the reduction of Ru

species around 100-200 °C initiated at a lower temperature range, suggesting the existence of

some interactions between Ru and the supports favorable to H> reduction.

Notably, H> uptakes of 2.90 mmol/g for Ru/SiO>—CeO; and 1.99 mmol/g for Ru/TiO>—
CeO: at below 250°C were considerably higher than those of the Ru catalysts on the
monocomponent CeO», which would indicate their greater reduction of Ru species (Table 4.2).
Moreover, those values remarkably exceeded the theoretically required H> amount of 0.59
mmol/g to convert RuO; to metallic Ru, suggesting that a partial reduction of the composite

supports are included.

82



/\ — (d)

e
< (©)
>
&
Q
H

AN @)

T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800

Temperature (°C)

Figure 4.9. H>-TPR profiles of the prepared catalysts: (a) Ru/commercial CeO, (b) Ru/CeO»,

(¢) Ru/Si0>—Ce0», and (d) Ru/TiO>—CeOs.

Table 4.2. H> consumptions during the H>-TPR experiments over the Ru catalysts.

H> uptake (mmol/g) at different temperature range

Catalysts
50 -250 (°C) 250 - 350 (°C) 550 - 650 (°C)

Ru/commercial CeO; 0.322 - -

Ru/CeO» 0.35° 0.19 -
Ru/S10,-CeO2 2.90° - -
Ru/Ti02—-CeO2 1.99° 0.19 0.13

2 Theoretical Hz uptake for reduction of RuO; to metallic Ru’ is 0.59 mmol/g catalyst.
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4.3.2. Catalytic activity and durability of Ru catalysts supported on CeQO:2-Based

Materials

The prevention of sintering is an important requirement for catalysts to achieve a long
lifetime. Here highly exothermic CO> methanation was selected as a probe reaction in order
to check the sintering resistance of the catalysts. The catalytic activity and durability of the
prepared catalysts were studied by a three-run experiment in a temperature range of 150—
600 °C. The obtained CHj4 yields in the range of 100400 °C are given in Figure 4.10. The
detailed CO> consumption, CH4 yield, and CO formation over the catalysts are shown in

Figure 4.11.

When Ru/commercial CeO2 was used as a catalyst, the maximum CHg yield was achieved
at 350 °C to reach 55% (Figure 4.10a). However, when the prepared Ru/CeO2, Ru/Si0>—CeO»,
and Ru/Ti0,—CeO; catalysts were used, higher yields of ca. 80% were obtained (Figures

4.10b-4.10d).

The biggest advantage of my composite catalysts was seen in repeated reactions. When
the reaction was repeated twice in the case of Ru/commercial CeO2, the CH4 yield profile
drastically shifted to a higher temperature; namely, the catalytic activity clearly decreased
(Figure 4.10a). On the contrary, almost no deactivation was observed in the prepared Ru/CeO-
even after the third run of the reaction (Figure 4.10b). Interestingly, the low temperature
activity at 150-200 °C was obviously improved in the cases of Ru/Si0,—CeO; and Ru/TiO>—
CeO> nanocomposites when the reactions were repeated (Figures 4.10c and 4.10d). It is
difficult to put forward a conclusive discussion. However, this could be ascribed to the
enhanced interactions between the support nanoparticles and the Ru metal particles under high
temperature conditions. A similar positive effect of heating on the catalytic activity of supports

was reported for calcined Ru/CeO; and Ru/TiO> catalysts with strengthened interactions
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between Ru and ceria supports as well as between Ru and titania supports.[2246:47]
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Figure 4.10. CH4 production of a three-run test over the catalysts: (a) Ru/commercial CeO-,
(b) Ru/Ce0», (c) Ru/Si0O>—Ce03, and (d) Ru/TiO,—CeO,. The reaction process for each run
was carried out in a temperature range of 150-600 °C at a gas flow rate of 20 mL/min (5%
CO», 20% Haz, and 75% Ar). The described process of each run was then sequentially repeated
three times. For ease of recognition of the efficiency difference in catalysis, a small amount of
catalyst (100 mg) was used for this experiment. When a larger amount of catalyst (1 g) was

used, 100% conversion of CO2 and 100% yield of CH4 were easily achieved at 250 °C.
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Figure 4.11. CO; consumption, CHj4 yield, and CO formation (%) in the 3-run test of (a)

Ru/commercial CeO2, (b) Ru/CeO», (¢) Ru/Si0,—Ce0-, and (d)Ru/TiO>—CeOs.
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10nm

Figure 4.12. TEM images, HAADF-STEM images, and EDX mappings of Ce, Si, and Ru
elements of the catalysts: (a) Ru/commercial CeO2, (b) Ru/CeO2, (¢) Ru/Si0>—CeO», and (d)

Ru/T10,—CeO;, after the three-run test.
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In order to clarify the sintered structure of both metal particles and supports, the
morphological changes of the catalysts after the three-run test were directly investigated by

TEM and HAADF-STEM observations (Figure 4.12), and the estimated Ru mean diameters

are listed in Table 4.1.
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Figure 4.13. Ru particle size distributions in the as-prepared state and after the three-run test

of the catalysts: (a) Ru/commercial CeO3, (b) Ru/SiO>—CeO3, and (¢) Ru/TiO,—CeOs.

Figure 4.12a shows the existence of large-sized Ru nanoparticles deposited on the
commercial CeOz support, whose particle size changed from 7.7 to 9.6 nm (Table 4.1).
However, the existence of a small amount of much larger Ru nanoparticles (20-30 nm) was

confirmed (Figure 4.13a), indicating that the conditions of the three-run test were so severe
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for the Ru/commercial CeO> catalyst to cause sintering. In contrast, uniform Ru dispersions
on CeO,, Si0,—Ce03, and TiO,—CeO, were retained after the three-run test, as demonstrated
by HAADF-STEM images and EDX mappings, where no Ru agglomerations were observed
(Figures 4.12b—4.12d). The growth of only small Ru nanoparticles was observed in the cases
of Ru/Si0>—CeO; and Ru/TiO>—CeO3, and the particle size still remained 1-2 nm (Table 4.1,
Figures 4.13b and 4.13c). Moreover, no enlargement of the CeO: crystallites was observed
even after the three-run test (Table 4.1), revealing the effective sintering suppression of Ru
nanoparticles as well as CeO; crystallites on/in both Si0,—CeO, and TiO,—CeO: supports.
These discussed results indicate that remained good dispersion of Ru nanoparticles on the
prepared CeO»-based supports during CO> methanation could be a reason for maintained

activity of the catalysts.

As aresult, the Ru/TiO>—CeO2 nanocomposite exhibited the best performance of not only
the low temperature activity and the maximum yield, but also the sintering resistance of Ru
nanoparticles and CeO; crystallite in CO2 methanation. As presented in Figure 4.14, the Ce3d
HAXPES spectra of the supports showed Ce*"/Ce*" coexistence in the prepared CeO»
composite supports, whereas only the Ce*" oxidation state was formed in the case of the
commercial CeO>. The peak positions of Ce*" and Ce*>" marked by yellow and green in Figure
6, respectively, were obtained from the literatures.*®*! Moreover, it is noted that the TiO>—
CeO> composite exhibited a favored Ce** formation that could be responsible for its higher
catalytic activity as compared to the prepared monocomponent CeO». These results agree well
with the previous literature where the Ce—Ti interface was reported to strongly promote the
Ce*" existence because of the electron contact.*®! It is reported that Ce’* sites created on the
CeO: surface are involved in activation of CO2, contributing to a better activity of
catalysts.[!%2749-50 Indeed, Ce?" sites act as active sites for adsorption and dissociation of CO,

to form carbonaceous intermediates which are rapidly hydrogenated into CH4 molecules.
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Therefore, the abundant Ce®" formation on the surface of the CeOi-based catalysts is
advantage in promoting CO; methanation. Thus, the prepared CeO», Si0,—CeO», and TiO>—
CeO2 nanocomposites turned out to be promising sintering-resistant catalyst supports for the

elevated temperature process of CO, methanation.
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Figure 4.14. HAXPES Ce3d spectra of (a) commercial CeO, (b) prepared CeO», and (c)
prepared TiO,—CeQs. The peak positions of Ce*" and Ce*" marked by yellow and green in

Figure 6, respectively, were obtained from the literatures.[*34%]

Calcined Catalysts

According to the above-mentioned activity enhancement of Ru catalysts supported on
CeO-based materials after the three-run test, CeO,, SiO>—CeO2, and TiO>—CeO, were
calcined at 500 °C for 2 h prior to Ru deposition in the expectation of catalytic activity
enhancement, yielding Ru/calcined CeO», Ru/calcined SiO>—CeO», and Ru/calcined TiO>—
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CeOo, respectively. The crystallite sizes of CeOz in Ru/CeO>, Ru/calcined SiO>—CeO>, and
Ru/calcined TiO>—CeO- (Table 4.3) are quite comparable to those after the three-run test
(Table 4.1). The specific surface areas of the calcined catalysts are a little bit larger than those
after the three-run test. When the calcined catalysts were used for CO. methanation,
Ru/calcined CeO. and Ru/calcined TiO>—CeO2 exhibited higher activities than that of
Ru/calcined SiO>—CeO, (Figure 4.15). The low-temperature catalytic activity of Ru/calcined
Ce02 (150-250 °C) towards CO2 methanation in the present study is comparable with those
in the literatures.[**271 Notably, an obvious enhancement of low temperature activity at 150—

200 °C was observed in the case of Ru/calcined TiO>—CeOs.

Table 4.3. Ru content, Ru dispersion, CeO; crystallite size, and specific surface area of the

fresh Ru catalysts prepared on the different calcined nanocomposites.

CeO; crystallite size®

Sample® Specific surface area® (m*/g)
(nm)

Ru/calcined CeO» 8.9 63.5

Ru/calcined SiO,—CeO» 2.6 120

Ru/calcined TiO,—CeO» 2.3 119

*The Ru catalysts (3 wt%) deposited on the supports calcined at 500 °C for 2 h.
®Estimated by Scherrer equation.

°The BET method was used.
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Figure 4.15. CH4 production of CO2 methanation over (a) Ru/calcined CeO3, (b) Ru/calcined
Si02—CeOy, and (c) Ru/calcined TiO>—CeO,. The CO2 methanation test was carried out in the
temperature range of 150—600 °C at a gas flow rate of 20 mL/min (5% CO3, 20% H>, and 75%

Ar). The reaction time for each temperature step was kept at 30 min.

4.3.3. Long-Term Stability Test of the Ru Catalysts

As mentioned in the former section, the prepared CeO», SiO>—CeO., and TiO>—CeO:
supports led to a high activity and high sintering resistance for Ru catalysts as compared to the
commercial CeO; support. In order to further support the aforementioned discussions, the
stability and durability of the catalysts were investigated through two different experiments: a

10-cycle test and a long-term experiment. In the 10-cycle test, severe heat stress was placed

on the catalysts, where CO2 methanation was repeated 10 times at a low temperature (50 °C)
and a high temperature (300 °C) alternatively. In each cycle, the reaction time was 30 min at

each reaction temperature. Figure 4.16a clearly shows stable CH4 production over Ru/CeO>
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during the 10-cycle experiment. Likewise, a stable catalytic performance with almost no
change in the CHj4 yield between the 1st and the 10th cycles was observed when the Ru/TiO>—
CeO: nanocomposite was used (Figure 4.16c). However, under similar conditions, the
catalytic performance over Ru/commercial CeO; decreased gradually by each cycle, clearly

indicating catalytic activity loss by thermal sintering (Figure 4.17).
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Figure 4.16. CH4 yield of CO2 methanation using (a, b) Ru/CeO; and (c, d) Ru/TiO>—CeO; in
the 10-cycle test at 50 °C and 300 °C (the graph represents only the results at 300 °C) and for
24 h at 400 °C, respectively. In each cycle of the 10-cycle test, the reaction time was 30 min
at each reaction temperature of 50 °C and 300 °C. In the cases of (a) and (c), 100 mg of
catalysts were used, while 25 mg of catalysts were used in the cases of (b) and (d) in

expectation of earlier activity loss of the catalysts in the long-term stability tests.
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In addition, the long-term stability of Ru/CeO> was confirmed by a constant CHy yield as
the time-on-stream increased to 24 h (Figures 4.16b and 4.16d) at 400 °C. In contrast, the long-
term stability test for 24 h at 400 °C with the use of Ru/commercial CeO> catalyst resulted in
2% initial yield of CHy, but the yield reduced gradually to 0% within 10 h (Figure 4.18). Thus,
the three prepared CeO2, Si02—CeO2, and TiO,—CeO2 nanocomposites were effective supports
in enhancing the catalyst activity and durability of Ru catalysts for CO> methanation. Their

further applications in other high temperature systems are highly expected.
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Figure 4.17. CH4 yield for CO; methanation over Ru/commercial CeO> in 10-cycle test at
50 °C and 300 °C (graph represents only the results at 300 °C). The reaction time at each

temperature was kept at 30 min and the total gas flow was 20 mL/min (5% CO-, 20% H>, and
75% Ar).
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Figure 4.18. CH4 yield for CO2 methanation over Ru/commercial CeO: in long-term stability
test at 400 °C. The reaction time was kept at 30 min and the total gas flow was 20 mL/min
(5% CO2, 20% Ha, and 75% Ar). An amount of 25 mg of catalysts was used in expectation of

earlier activity loss of the catalysts in the long-term stability tests.

4.4. Conclusions

A porous CeO; aggregate, Si0,—CeO> nanocomposite, and TiO>—CeO, nanocomposite,
all of which consisted of a number of small primary particles (<5 nm) with a huge surface area,
were solvothermally prepared as catalyst supports for highly exothermic reactions. Ru
nanoparticles were deposited on the support surface by the precipitation—deposition method.
The prepared catalyst supports of CeO» aggregate, SiO>—CeO; nanocomposite, and TiO>—
CeO2 nanocomposite dispersed Ru nanoparticles very well on the surface. When they were
used as catalysts for CO2 methanation by H», the Ru catalysts on the prepared CeO- aggregate
and TiO—CeO; exhibited a better low temperature (150-200 °C) activity and long-term
stability (400 °C, 24 h) than those on the commercial CeO- aggregate. Thus, we succeeded in
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preparing sintering-resistant catalyst supports for high temperature reactions.
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CHAPTER V.

Conclusions and Future Outlooks

Conclusion

My study focused on the simple preparation of the mixed oxides at homogeneous mixing
level by the facile and controllable solvothermal approach, and the application of the
solvothemally prepared materials as catalyst supports. The achievements of the study are

briefly summarized in two major points (Figure 5.1).

Metal Salts/ Alkoxides

Synthesis

¢  One-pot
e Single-step

Solvothermal approach o Template-free
e Rapid

e Controllable composition.

7
> ‘ e Large surface area.
» TiO,—CeO, Different composition ® Controlled HLB property.
Nanoparticle Composites ® Enhanced heat tolerance.
Application

) as catalyst supports
>@e oF

® Effective sintering-resistance.
i e Highly catalytic activity.
CO, methanation Metal supported catalyst e Highly catalytic durability.

Figure 5.1. A summary of the research.
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Synthesis of the mixed oxides:

v The facile one-pot and single-step solvothermal approach was successfully applied to
prepare the homogeneously mixed assemblies of SiO,—TiO2, SiO,—CeO,, and
TiO,—CeO:s.

v' The solvothermal reaction conditions were optimized appropriately by using the
different additives.

v The chemical compositions of the prepared nanocomposites were effectively controlled
by adjusting the precursor ratios in the precursor solutions.

v" The obtained nanocomposite assemblies exhibited the expected properties of large
specific surface area and high heat tolerance. In addition, the HLB control of the TiO»
assemblies was simply modulated by using the functional silane coupling reagent as

the precursor.

Application of the solvothermally prepared composites in catalysis:

v" The prepared materials including CeO2, SiO,—CeO;, and TiO,—CeO, were used as
supports for Ru catalysts.

v' The well-dispersed Ru metal catalysts were deposited on the rough surface of the
prepared nanocomposites by the precipitation-deposition method.

v" Those Ru supported catalysts exhibited the higher catalytic activity for extremely
exothermic CO> methanation as compared to the Ru catalyst deposited on the
commercial-CeO,.

v The sintering-resistant ability of CeO,, Si0,—Ce0», and TiO,—CeO, were confirmed
by stable catalytic performance and almost remained catalyst state through the three-

run test, long-term stability test, and ten-cycle test under severe conditions.
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The combination of SiO, with the other oxides in nanoparticle assemblies has been
recognized as relatively difficult because of their different crystal structures. However, this
study provided the optimal solvothermal conditions to afford the mixed SiO>—-TiO, and
Si0,—CeO; with the high homogeneity, adjustable chemical compositions, HLB control, high
heat tolerance, and large specific surface area. The solvothermally prepared nanocomposites
presented high catalytic activity and the sinter-stable ability for exothermic CO, methanation

at the elevated-temperature conditions.

Future Outlooks

As mentioned above, our solvothermal strategy is versatile to prepare various kinds of
mono-component metal oxides as well as their nanocomposite assemblies. From successful
preparation of the homogeneously mixed of SiO> assemblies, other designedly advanced
materials are expected. Since a large-scale preparation of those prepared nanocomposites by
autoclave was successfully performed, the industrial production of these materials is
practicable. Also, the synthesized MARIMO assemblies with the advantages of the unique
ultrafine nano convex/concave surface, huge surface area, and high heat tolerance are potential

candidates for further catalytic applications.
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Appendix 1 (Chapter II)
STEM
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.

Figure Al.1. STEM image and EDX mappings of SiO,—TiO, NP assemblies at Si mole

fraction of 0.5.
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Figure A1.2. IR spectra of (a) SiO>—TiO> NP assemblies and n-octyl-SiO,—TiO, NP

assemblies synthesized at (b) 300 °C, (c) 350 °C, and (d) 400 °C.
110



Appendix 2 (Chapter III)
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Figure A2.1. TEM images of CeO, NP assemblies synthesized at 300 °C for 10 min using
N,N,N’,N -tetramethylethylenediamine (TMEDA) as additive in different solvents of

methanol (MeOH), ethanol (EtOH), acetonitrile (MeCN), and water (H20).
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Figure A2.2. XRD patterns of CeO, NP assemblies synthesized using N,N,N’,N’-

tetramethylethylenediamine (TMEDA) as amine additive in different solvents.
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Additives TEM images SEM images
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Figure A2.3. TEM and SEM images of CeO> NP assemblies synthesized using different kinds

of amines in methanol.
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Appendix 3 (Chapter IV)
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Figure A3.1. CO chemical adsoptions of the prepared CeO2 support.
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Figure A3.2. CO chemical adsoptions of the prepared catalysts.
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Figure A3.3. HAXPES Ols spectra of the supports.
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Figure A3.4. TEM images of the Ru/CeO; catalyst.
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Figure A3.5. XRD spectra of the Ru/commercial CeO; and Ru/CeO; before and after the

three-run test.
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Figure A3.6. XRD spectra of the Ru catalysts on prepared composite supports before and after

the three-run test.
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Figure A3.7. H>-TPR profiles of the Ru supported catalysts on the calcined supports.

Table A3.1. H, consumptions during the H>-TPR experiments over the Ru catalysts on

calcined supports.

H: uptake (mmol/g) in

Catalysts
temperature range of 50 — 250 (°C)
Ru/calcined CeO2 0.49?
Ru/calcined Si02—CeO: 2.49%
Ru/calcined TiO2—CeO: 2.20%

@ Theoretical H, uptake for reduction of RuO> to metallic Ru® is 0.59

mmol/g catalyst.
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Ru/calcined CeO,

TEM image
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Figure A3.8. TEM images, HAADF-STEM images, and EDX mappings of Ce, Si, and Ru

elements of the catalysts.
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Figure A3.9. TEM images, HAADF-STEM images, and EDX mappings of Ce, Si, and Ru

elements of the catalysts.
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Ru/calcined TiO,—CeO,
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Figure A3.10. TEM images, HAADF-STEM images, and EDX mappings of Ce, Si, and Ru

elements of the catalysts.
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Figure A3.11. XRD spectra of the Ru/commercial CeO: before and after the long-term

stability test at 400 °C for 24 h.
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Figure A3.12. XRD spectra of the Ru catalysts on the prepared supports before and after the
long-term stability test at 400 °C for 24 h.
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Ru/CeO, after 400 °C, 24 h test

5000m

Figure A3.13. TEM images, HAADF-STEM images, and EDX mappings of Ru/CeO; after

the long-term stability test.
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Figure A3.14. TEM images, HAADF-STEM images, and EDX mappings of Ru/TiO>—CeO>

after the long-term stability test.
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Ru/commercial CeO,after 400 °C, 24 h test
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Figure A3.15. TEM images, HAADF-STEM images, and EDX mappings of Ru/commercial

CeO after the long-term stability test.
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Figure A3.16. CH4 yield for CO2 methanation over Ru/Si0,—CeO: in 10-cycle test at 50 °C
and 300 °C (graph represents only the results at 300 °C). The reaction time at each temperature
was kept at 30 min and the total gas flow was 20 mL/min (5% CO2, 20% Hz, and 75% Ar).
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Figure A3.17. CH4 yield for CO; methanation over Ru/Si0,—CeOz in the long-term stability

test. The total gas flow was 20 mL/min (5% CO2, 20% H», and 75% Ar). The amount of

catalyst of 25 mg was used in the experiment.
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Figure A3.18. TEM images, HAADF-STEM images, and EDX mappings elements of

Ru/Si0>—CeO after the long-term stability test.
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Table SA.2. Turnover frequency (TOF) for the Ru catalysts at different reaction temperatures.

TOF (s™) at different temperatures

Catalysts
150 °C 200 °C 250 °C

Ru/commercial CeO> 0 2.9x102 9.9x1072
Ru/CeO» 0 1.6x107 1.7x1072
Ru/Si0>—CeO: 0 0 1.0x1072
Ru/TiO2—CeO2 0 9.0x10* 1.8x1072
Ru/calcined CeO; 0 4.7x1073 2.0x1072
Ru/calcined TiO>—-CeO; 6.0x10* 8.2x107 2.5x107

Calculation of TOF (s!), referred from reference [1], was given:

CO2XCH"-1-NI
WDx

F
TOF (s)=

where Fco, : mole number of CO: at reaction temperature per unit time (mol sh.
Xcn, : proportion of CHs molecules in the outflow.
M: atomic mass of Ru (101.07 g/mol).
D: Ru dispersion of Ru on the support.
W: weight of catalyst (g).

x: loading amount of Ru (quantified by STEM/EDX analysis).

Reference
[1]Y. Guo, S. Mei, K. Yuan, D.J. Wang, H.C. Liu, C.H. Yan, Y.W. Zang, ACS Catal. 2018, 8,
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