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Abstract

Porous materials having accessible pores and a large surface area are promising
functional materials such as gas storage and separation, energy storage, drug delivery, catalysis,
and catalyst supports. In particular, metal oxides are intriguing materials because of their
intrinsic properties of semi-conductive behavior, catalytic activity, high temperature stability,
durability, easiness of handling, and cost. In order to improve the performance of materials, it
is extremely important to control the size, morphology, crystallinity, and stoichiometry
according to the specific application. Therefore, considerable effort has been devoted to
developing new methods for the synthesis of porous materials. Among them, hydrothermal and
solvothermal methods have received much attention because of their simplicity, low cost, and
ability to make new porous nanomaterials. In this thesis, solvothermal conditions for controlling
the morphology and crystal structure of porous nanomaterials are focused.

Submicron-sized Nb,Os porous spheres with a high specific surface area (300 m?/g) and
nano concave—convex surfaces were synthesized via a rapid one-pot single-step alcothermal
reaction. Prolonged reaction time or high reaction temperatures resulted in a morphology
change of Nb2Os from amorphous sphere to rod crystals with hexagonal crystal phase. A similar
alcothermal reaction yielded TiO>—Nb.Os composites porous spheres, whose Ti : Nb molar ratio
was controlled by changing the precursor solution component ratios. A simple thermal
treatment of amorphous TiO>—Nb2Os porous sphere consisting of 1 : 2 (molar ratio) Ti : Nb at
600 °C for 2 h induced crystal phase transfer from amorphous to monoclinic crystal phase of
submicron-sized TiNb,O- porous spheres with a specific surface area of 50 m?/g.

Ultrafine TiO2 nanocrystals were synthesized using a rapid heating, one-pot
solvothermal method. These nanocrystals are extremely small with a narrow size distribution
(3.0 £ 0.4 nm). The detailed structural analysis by using transmission electron microscopy

reveals periodic alignment of the resultant TiO2 nanocrystals with hexagonal symmetry due to



their size uniformity. The drop-casting deposition and calcination of these nanocrystals are also
enable to convert into mesoporous thin layer films with nano convex-concave surface. The
resultant transparent mesoporous thin layer exhibits not only anti-reflection properties but also
high photocatalytic activity.

A new Ti-based nanocrystals were synthesized by a hydrothermal reaction using squaric
acid as an additive. Urchin-like nanocrystals and hexagonal plates were obtained from low and
high concentrations of the precursor, respectively. The obtained hexagonal plates could be a
new MOF consisting of titanium ions and squarate ligands. On the other hand, the obtained
urchin-like nanocrystals showed a rutile-type TiO2 phase and a high specific surface area (122
m?/g). The urchin-like rutile-type TiO2 nanocrystals resulted in highly efficient dispersion of
Ru. The Ru/TiO; catalyst prepared from the urchin-like rutile-type TiO2 nanocrystals afforded

higher activity in CO2 methanation reaction.
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Chapter I.

General Introduction

1-1. Porous materials

Compared to atoms in the bulk, different physical and chemical properties of atoms
exposed at solid surface are the driving force for many chemical reactions. There are two
representative approaches to increase the number of surface atoms on solids: to decrease the
particle size and to form pore network within the solids (Figure 1-1). Therefore, porous
materials having accessible pores and large surface areas, including activated carbon, silica,
zeolites, metal oxides, and metal-organic frameworks (MOFs), are promising functional
materials for gas storage and separation, energy storage, drug delivery, catalysis, and catalyst
supports.t Much effort has been paid to utilize these porous materials in many research and
industrial fields.>® In particular, metal oxides are intriguing materials because of their intrinsic
properties of semi-conductive behavior, catalytic activity, high temperature stability, durability,

easiness of handling, and costs.®
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Figure 1-1. Schematic illustration of the approaches to increase the number of surface atoms
of solids.



1-2. Synthesis of porous materials

To obtain porous materials, several methods, including solution combustion,®
dealloying,* electrochemical deposition,*? spray pyrolysis,®* chemical precipitation method,**
sol-gel method,’ as well as hydrothermal and solvothermal methods,® have been developed.
In particular, hydrothermal and solvothermal methods have received much attention because of
their simplicity, low cost, and ability to make new nanomaterials.

Hydrothermal and solvothermal syntheses are generally defined as a process in a closed
reaction vessel inducing a decomposition or a chemical reaction between precursors in the
presence of a solvent at temperatures above their boiling points.}” When water is used as a
solvent, it is called “hydrothermal synthesis,” and when organic solvents are used instead of
water, it is called “solvothermal synthesis.” In addition, when alcohols are used as a solvent, it
is sometimes called "alcothermal synthesis."!® and especially when glycols are used as a solvent,
it is called "glycothermal synthesis."*®

A precursor solution consisting of metal compounds and additives such as organic acids,
organic bases, and surfactants in an appropriate solvent is treated at an elevated temperature in
a pressurized vessel (Figure 1-2). Hydrothermal and solvothermal syntheses exploits that by
increasing temperature and pressure changes the fundamental properties of the solvent used.
Physical properties of solvents such as ionic product, density, thermal conductivity, viscosity,
heat capacity, and dielectric constant are easily fundable by changing their temperatures and
pressures, which is one of the most important parameters as the synthetic solvents. For example,
dielectric constants of the solvents drop rapidly as temperature increases. This drop effects on
the solubility of polar and ionic species which are often used in the synthesis of inorganic
nanoparticles. In addition, ionic species precipitate as the dielectric constant decreases.

Hydrothermal and solvothermal syntheses allow the robustly and readily control of the



size, morphology, stoichiometry, and crystallinity of metal oxide nanoparticles and products
with nanostructures. These properties can be altered by changing certain synthetic parameters,
including solvent, additive, metal compound, reaction temperature, reaction time, heating rate,
and pressure. Thus, this method has the advantages such as high reproducibility, simple
procedure, and easy scale-up. Concerning on the reaction scale, it is also possible to extend
from batch type reactors to flow type ones for the mass production. Due to these advantages,
hydrothermal and solvothermal syntheses have been widely used in the field of inorganic

nanoparticle synthesis (Figure 1-3).
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Figure 1-2. Schematic illustration of hydrothermal and solvothermal syntheses.
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Figure 1-3. Number of papers relating the topics of ‘“solvothermal synthesis” and
“hydrothermal synthesis.” Based on topic search performed in SciFinder.



1-3. Hydrothermal and solvothermal syntheses using supercritical fluids

The use of supercritical fluids to replace the conventional reaction media has attracted
more attention in the synthesis of inorganic nanoparticle, since it is a new method that can speed
up the process while maintaining high controllability.2>?! The supercritical state is achieved
when both the temperature and the pressure of the solvents exceed their critical points (Table
1-1).22 Distinct from fluids in liquid or gas phase, supercritical fluids display interesting
physicochemical properties such as solvation behavior, dielectric properties, and rather low
viscosity. These properties abruptly change around their critical points. When the temperature
and pressure of a precursor solution exceeds the critical point, the low dielectric property of the
solvent leads to precipitation of nanoparticles. Rapid formation of numerous particle nuclei
results in quite small homogeneous particles with a narrow size distribution can be obtained.
Nanoparticles with desired properties will be obtained by tuning the synthetic conditions.
Furthermore, since the supercritical state is achieved through changes in temperature and
pressure, the system can be easily tuned to the optimal set points that will yield the desired

nanoparticle features.



Table 1-1. Critical temperatures, pressures, and densities of the solvents.

Solvent T (°C) Pc (MPa) pe (Kg/md)
water 374 22.06 322
methanol 239 8.10 276
ethanol 241 6.27 273
1-propanol 264 5.17 274
2-propanol 235 4.76 273
1-butanol 290 4.42 270
1-pentanol 313 3.88 270
1-hexanol 338 351 268
ammonia 132 11.33 225
1-hexane 235 3.03 233
cyclohexane 280 4.08 271
toluene 319 4.14 292
1-octane 296 2.50 235




1-4. One-pot solvothermal synthesis of porous spheres

In connection with solvothermal synthesis, Wang P. et al. synthesized TiO> with porous
spherical morphologies via an ultimately simple one-pot solvothermal route using methanol
(Figure 1-4).2% The obtained porous spheres were composed of numerous few nm-sized primary
particles, resulting in a spherical secondary morphology with a few hundred nm size in diameter.
In addition, the porous spheres with micro- and meso-pores have a large surface area (>200
m?/g) and nano concave—convex surface structure. These porous spheres were named
mesoporously architected roundly integrated metal oxides (MARIMOs). The synthetic
approach was quite versatile yielding porous spheres such as SiO2, Zn0O, ZrO2, and CeO_ under
similar solvothermal conditions.?*%® In particular, preparation of composite MARIMOs,
including CeO2-Zr0O2, Al203-TiO2, ZnO-TiO2, SiO2-TiO2, Co/Mn oxide, Ni/Mn oxide, and
Co/Mn/Fe oxide, were also succeeded with high homogeneity and controllable stoichiometry
(Figure 1-5).20 Interestingly, solid or hollow TiO, MARIMOs and TiO2 assemblies with a
cheek-brush morphology were obtained by changing the additives (Figure 1-6).3! The obtained
MARIMOs can be useful materials as oxidation catalysts in the electrochemical water oxidation

reaction and catalyst supports in CO oxidation and CO, methanation.?>26:30:32



solvothermal reaction
Ti(OPr), + HCOOH + CH;OH »

reaction temp. : 300 °C
reaction time : 10 min TiO, MARIMO

0.1 mol/L 0.5 mol/L 3.5mL

solid porous spheres 5—10 nm nanoparticles

Figure 1-4. Schematic illustration of synthesis of TiO, MARIMO: its TEM and HR-TEM
images.
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Figure 1-5. EDX mapping images of composite MARIMOs



solvothermal reaction .
Ti(O'Pr), + additives + CH;OH »  TI0;
reaction temp. : 300 °C assembles
reaction time : 10 min

C(coocw3
COOCH;| .,

0.1 mol/L 0.5 mol/L 3.5 mL

(X

solid MARIMO hollow MRIMO cheek-bruch

Figure 1-6. Morphological control of TiO2 assembles by using different additives.

The key factor to yield such MARIMOs is to control hydrolysis rate of metal precursors
in the precursor solutions under solvothermal conditions. In solvothermal synthesis in methanol,
methanol condenses under high temperature and high pressure to yield water which

subsequently reacts (egn [1]-[3]) with metal salt (MA\) to form metal oxide nanoparticles.

2CH;0H — CH;0CH; + H,O [1]
MA, + nH,0 — M(OH), + nHA [2]
M(OH), — MOz + gHzo [3]

Therefore, crystal growth is suppressed and controlled to yield uniform nanoparticles. In
addition, additives such as carboxylic acids, glycols, and acetylacetone coordinate to the metal
ion to slow down or regulate the hydrolysis rate of the metal precursor. However, there are still
many unclear points about the effect of the combination of metal precursors, additives, and
solvents on morphology and crystal structure of the produced particles. In this paper,

solvothermal conditions for controlling the crystal structure of the nanoparticles are focused.
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1-4. Dissertation outline

This dissertation consists of five chapters. The first Chapter | describes a general
introduction of the research containing dissertation outline. Chapter 11 explains a new aspect of
the solvothermal synthesis of Nb2Os, TiO,—Nb,Os composites, and TiNb2O7 porous spheres.
Chapter 111 discusses an ultimately simple synthetic method of size and crystal structure
controlled metal oxide nanocrystals by a one-pot solvothermal method using oleic acid and their
conversion into transparent mesoporous thin layer films. The last Chapter IV describes selective

synthesis of Ti-based nanocrystals via hydrothermal method using squaric acid.
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Chapter I1.

Porous niobia spheres with large surface area: alcothermal synthesis and

controlling of their composition and phase transition behavior

2—1. Introduction

Porous materials, including activated carbon, silica, metal oxides, zeolites, and metal-
organic frameworks (MOFs), are promising functional materials because of their large surface
area that can be used to adsorb several materials and achieve material storage-release for
material transfer. These unique properties allow for applications such as gas storage and
separation, catalysis, and catalyst supports.® In particular, metal oxides are intriguing because
of their intrinsic high-temperature stability and durability.?

To obtain porous materials, several methods, including solution combustion,®
dealloying,* electrochemical deposition,> spray pyrolysis,® sol-gel method,” as well as
hydrothermal and solvothermal methods,? have been developed. In particular, the solvothermal
method using high-temperature non-aqueous solvents as reaction media is a novel approach to
prepare size-, morphology-, and stoichiometry-controlled metal oxides. In this context, a unique
one-pot and single-step solvothermal method was developed to afford SiO2, TiO2, ZnO, ZrOo,
and CeOz with porous spherical morphologies, where numerous few nm-sized primary particles
aggregate to yield a spherical secondary morphology with a few hundred nm in diameter.® These
porous spheres were named Mesoporously Architected Roundly Integrated Metal Oxides
(MARIMOQs). The large surface areas of MARIMOs with micro- and meso-pores and nano
concave—convex surface structure impart their unique abilities. Both solid and hollow

MARIMOs can be obtained with TiO>. In addition, composite MARIMOs, including CeO,—

16



Zr0,,° AlLOs-TiOp,! ZnO-TiO2,! Si0,-Ti0O2,'? Co/Mn oxide,** Ni/Mn oxide,®* and
Co/Mn/Fe oxide®® have been prepared via the solvothermal method with tightly controllable
stoichiometry. Thus, solvothermal method is a versatile approach for obtaining metal oxides
with a porous spherical structure, large surface area, and nano concave—convex surface structure.

Nb,Os has been used as a photocatalyst,'**° solid acid,® catalyst support,'’® and anode
material for lithium and sodium ion batteries.'® Several preparation methods are available for
these materials.?° For example, Li C. C. et al. prepared monodisperse glycolated niobium oxide
spheres via a simple antisolvent precipitation approach. Mesoporous niobium oxide spheres
with a large surface area of 312 m?/g were obtained by hydrothermal treatment.?* Li L. et al.
synthesized Nb2Os hollow nanospheres by heating a water solution of niobium oxalate and
sodium dihydrogen phosphate dihydrate at 220 °C for 48 h.?2 Dai Z. F. et al. prepared
monodispersed Nb,Os microspheres via a facile one-pot solvothermal route using an isopropyl
alcohol solution of niobium pentachloride and tetrabutyl ammonium hydroxide at 200 °C for
24 h.% However, simpler preparation methods should be developed for further acceleration of
their practical uses. Thus, niobium oxide and variants of MARIMOs with large surface area
were prepared herein using a facile synthesis method for Nb2Os, TiO>—Nb>Os composite, and

TiNb207 MARIMOs.

17



2-2. Experiment
2-2-1. Materials

Methanol, formic acid, niobium(V) ethoxide [Nb(OEt)s], and titanium tetraisopropoxide
[Ti(O'Pr)4] were obtained from FUJIFIM Wako Pure Chemical Corporation. All reagents were

used as received unless otherwise noted.

2-2-2. Synthetic procedure

Synthesis of Nb20s MARIMO. First, Nb(OEt)s (88 uL,0.35 mmol) was added to a
solution of formic acid (67 pL, 1.75 mmol) in methanol (3.5 mL) under vigorous stirring. The
resultant precursor solution was transferred to an SUS-316 stainless steel tubular reactor with a
10 mL inner volume and the reactor was then sealed with an SUS-316 screw cap. The sealed
reactor was heated to 300 °C at a rate of 5.4 °C/min and the temperature was maintained at
300 °C for 10 min. The reaction was quenched by placing the reactor in an ice-water bath. The
obtained precipitates were centrifuged, washed several times with methanol, and dried under

vacuum to afford a powdery product.

Synthesis of TiO2—Nb20s composite MARIMOs. Aliquots of Ti(O'Pr)s and Nb(OEt)s
were added to a solution of formic acid (67 uL, 1.75 mmol) in methanol (3.5 mL) under
vigorous stirring. Similar treatments of the solution as the above mentioned Nb.Os MARIMO

synthesis yielded the TiO>—Nb.Os composite MARIMO powdery products.

Formation of TiNb2O7 MARIMO via crystallization of the amorphous TiO2—Nb20s
composite MARIMO. First, Ti(O'Pr)s (174 pL, 0.58 mmol) and Nb(OEt)s (293 pL, 1.17
mmol) was added to a solution of formic acid (333 pL, 8.75 mmol) in methanol (17.5 mL)
under vigorous stirring. The resultant precursor solution was sealed in a Teflon-lined autoclave

with a 50 mL inner volume. The sealed autoclave was heated to 200 °C at a rate of 5.4 °C/min

18



and the temperature was maintained at 200 °C for 3 h. After cooling at room temperature, the
precipitates were centrifuged, washed several times with methanol, and dried under vacuum to
afford a powdery amorphous TiO>—Nb,Os composite MARIMO. The obtained product was

calcined in air at 600 °C for 2 h at 2 °C/min heating rate to yield the final product.

2—-2-3. Characterization methods

Transmission electron microscopy. The transmission electron microscopy (TEM)
images were obtained using a JEOL JEM-2100F microscope. The specimens were prepared as
follows: samples were dispersed in methanol; 10 pL of the resultant dispersion was drop-casted
onto a carbon-coated copper microgrid (Okenshoji, Japan); and the solvent was evaporated
under atmospheric pressure. Energy-dispersive X-ray (EDX) mappings and line-scan plots for

the STEM images were obtained using an Oxford INCA X-max 80 EDX spectrometer.

Scanning electron microscopy. Scanning electron microscopy (SEM) was performed
using a Hitachi SU8020 FE-SEM. The specimens were prepared by drop-casting the sample

dispersion on a silicon wafer.

X-ray diffraction measurements. X-ray diffraction (XRD) patterns were recorded
using a Rigaku SmartLab diffractometer with graphite-monochromatized Cu Ko radiation (X-
ray wavelength: 1.5418 A) in steps of 0.02° over the 26 range of 10—-80°. The powdery samples
were placed on a non-refractive silicon holder (Overseas X-Ray Service, Japan). The average

TiOz crystalline sizes were estimated from the obtained (101) peaks using the Scherrer equation.

Thermogravimetric-differential thermal analysis. Thermogravimetric-differential
thermal analysis (TG-DTA) was performed using a HITACHI STA7200RV instrument. The
samples were placed on an open platinum sample pan and the experiments were conducted in

air at a 2 °C/min heating rate.
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Nitrogen adsorption-desorption isotherm measurements. Nitrogen adsorption-
desorption isotherms were obtained using a Belsorp Mini Il instrument (BEL Corp.). The
specific surface areas were determined using Brunauer—-Emmett-Teller (BET) multipoint
method with BELMaster7 software. The average pore size distributions were calculated using

Barrett-Joyner—Halenda (BJH) method from the nitrogen adsorption isotherm data.
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2-3. Results and discussion
2-3-1. Synthesis and morphology changes of Nb.Os MARIMO

Nb20s MARIMO was prepared according to a similar method reported previously
(Table 2-1, entry 1).° Simple heating of a methanol solution of Nb(OEt)s and formic acid at
300 °C for 10 min afforded Nb,Os MARIMO in high yield (>90%). The SEM images revealed
that the obtained Nb2Os MARIMO was perfectly monodispersed (Figure 2—1a-i), and their
shape was approximately spherical with a diameter of 630 £ 50 nm (Figures 2—1a-ii, 2—1b-i,
and 2-2, red line). Also, the obtained Nb2Os MARIMO was composed of many amounts of a
few nm sized primary particles (Figure 2—1b-ii). The formation mechanism of Nb,Os MARIMO
was expected to be similar to a proposed mechanism in our previous report.® In the initial steps
of the reaction, primitive niobium alkoxide oligomers are formed in high-temperature methanol
and interconnected via surface interactions with carboxyl groups. As the further heating
reaction of precursor mixture proceeds, niobium alkoxide oligomers react with the water, which
generated by esterification of formic acid and methanol and/or dehydration condensation of
methanol, to form Nb,Os. The pore structures are formed by gaseous products, such as CO; and
hydrocarbons generated by decomposition of alkoxide and formic acid, trapped inside the
sphere. The Nb20Os MARIMO obtained without formic acid was polydisperse and obtained in
low yield (<40%; Figure 2—3a). In addition, when the solvent was changed to water, spherical
shapes were not formed (Figure 2-3b). From the results of the control experiment, the
combination of Nb(OEt)s, formic acid, and methanol is essential for the formation of a spherical

morphology and high yield.
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Table 2—1. Molar ratios of Ti and Nb, specific surface area, pore size, and TiO; crystalline size
of the prepared MARIMOs.

Molar ration of Ti and Nb Specific TiO2
Sample name of Pore size®
Entry Precursor surface area® crystalline
MARIMO? Product® [nm]
solution [m?/g] size® [nm]
1 Nb2Os 0:100 - 302 3.3 -
2 TiO—Nb20Os-75 25:75 21.7:78.3 274 5.9 34.7
3 TiO—Nb20s-50 50 : 50 50.1:49.9 200 8.9 13.6
4 TiO—Nb20Os-25 75:25 74.3:25.7 250 3.4 10.0
5 TiO; 100: 0 - 234 3.6 9.6

2 Denotes the atomic% of Nb to total number of Nb and Ti atoms.  Evaluated by STEM/EDX analysis.
¢ BET method. ¢ BJH plot. ® Estimated using the Scherrer equation.
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Figure 2-1. (@) SEM and (b) TEM images of the prepared Nb,Os MARIMO at (i) low
magnification and (ii) high magnification.
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Figure 2-2. Size distribution histogram of Nb2Os MARIMOs obtained by 10 min heating (red)
in synthesis and by 30 min heating (blue) in synthesis. The size distribution was evaluated by
statistical analyses (N = 200) using selected SEM images.

Figure 2-3. SEM image of the Nb,Os Obtained from precursor solution of (a) Nb(OEt)s and
methanol and (b) Nb(OEt)s, formic acid, and water.
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The direct evidence of the formation of a pore in Nb2Os spheres was confirmed by
nitrogen adsorption-desorption measurements (Figure 2—4a). If the obtained Nb2Os MARIMO
has no pores, the specific surface area should be a few m?/g estimated from the diameter (ca.
630 nm) and specific density (d = 4.6 g/cm?®). Contrary to this expectation, the obtained Nb.Os
MARIMO showed a high specific surface area (302 m?/g) and porous structure less than 10
nm-sized (Figure 2—4b). This fact strongly supports the presence of the penetrated pore inside

the spherical particles.
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Figure 2-4. (a) Nitrogen adsorption-desorption isotherms and (b) pore size distributions of
Nb20Os MARIMO.
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To further characterization of the obtained Nb20Os MARIMO, powder XRD and electron
microscopic measurements were performed. No peaks were observed in the corresponding
XRD pattern (Figure 2-5), and no fringe structure in the Nb,Os MARIMO primary particle was
observed in the high-resolution TEM (HR-TEM) image (Figure 2—1b-ii). This indicated that

the obtained Nb2Os MARIMO was not crystalline but amorphous.
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Figure 2—-5. XRD patterns of Nb2.Os MARIMO.
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To date, almost 15 polymorphic forms of Nb2Os have been reported; however, hexagonal,
orthorhombic, and monoclinic phases are relatively common.?° The crystal phases significantly
affect the activity of the photocatalyst?* and solid acid.?® Thus, it is important to control of the
crystal phase formation in the obtained Nb.Os MARIMO. The easiest method to improve the
crystallinity is further heating. When the heating time of the precursor solution was prolonged
to 60 min, the crystal phase dramatically changed from amorphous to the hexagonal phase of
Nb2Os (Figure 2—6¢). This was concomitant with a drastic morphology change from spherical
to rod-shaped (Figure 2—6a-ii). The corresponding HR-TEM image (Figure 2—6b) showed that
the crystal lattice distances were 0.39 nm. In addition, the fast Fourier transform (FFT) pattern
in the HR-TEM image indicated that the direction of rod growth was along the [001] facet.
When a 30 min heating procedure was used, spheres and rods coexisted. Compared to 10 min
heating, a volume reduction of approximately 40% was observed for the 30 min heating process,
where the diameter of the obtained Nb2Os MARIMO decreased to 530 = 50 nm (Figures 2—6a-
i and 22, blue line). Ostwald ripening was likely responsible for this shrinkage.?®?’ Similarly,
higher reaction temperatures (325 and 350 °C) with a fixed reaction time (10 min) resulted in
rod-like hexagonal phase nanocrystals (Figure 2—7). Although the crystallinity was successfully
improved by extending the reaction time or using a high reaction temperature, the porosity was

lost due to the morphology change, and the specific surface area was greatly reduced.
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Figure 2-6. (a) SEM images of the Nb2Os obtained at 300 °C with different solvothermal-
reaction times (i) 30 min and (ii) 60 min. (b) HR-TEM image of the rod-like Nb.Os;
corresponding FFT image is inset. (¢) XRD patterns of the powdery products obtained using
different solvothermal-reaction times (blue, 60 min; green, 30 min; red, 10 min).
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(b) §

Figure 2-7. TEM images of the Nb.Os obtained with different solvothermal-reaction
temperature: (a) 325 °C and (b) 350 °C.
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Calcination of the as-synthesized amorphous Nb.Os MARIMO was used as an
alternative method to change the crystal phase. Generally, amorphous Nb2Os crystallizes at
500 °C into hexagonal or orthorhombic phase, tetragonal phase at 800 °C, and monoclinic phase
at >1000 °C.?® An exothermic phenomenon was observed at approximately 240 and 560 °C in
TG-DTA (Figure 2-8). The exothermic peak at approximately 240 °C originated from the
combustion of organic residues included in MARIMO. In addition, the exothermic peak with
negligible weight loss at approximately 560 °C was assigned to a crystalline phase transfer.?®
Calcination of the as-synthesized amorphous Nb2Os MARIMO vyielded a hexagonal phase at
500 °C and an orthorhombic phase at >600 °C, as determined from their XRD patterns (Figure
2-9a). The spherical morphology was maintained at <600 °C, but collapsed at 700 °C (Figures
2-9b-i and 2-10). Thus, Nb.Os MARIMO with improved crystallinity was successfully
obtained via calcination at 500 or 600 °C for 2 h (Figures 2-9a, b, and 2—10a). The specific
surface area of Nb,Os MARIMO calcined at 500 °C was 88 m?/g and average pore size

expanded from 3.3 to 6.4 nm upon calcination (Figure 2—11).
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Figure 2-8. TG-DTA profiles of the as-synthesized Nb.Os MARIMO measured in air at a
heating rate of 2 °C/min.
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Figure 2-9. (a) XRD patterns of calcined Nb.Os MARIMO at 400—700 °C (blue, 700 °C; green,
600 °C; red, 500 °C; orange, 400 °C). (b) SEM (i) and HR-TEM (ii) images of the Nb2Os
MARIMO calcined at 500 °C for 2 h. The crystal lattice distances were 0.31 nm.
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Figure 2-10. SEM images of the Nb,Os obtained with different calcined temperature: (a) 600 °C
and (b) 700 °C.
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Figure 2—11. (a) Nitrogen adsorption-desorption isotherms and (b) pore size distributions of
calcined Nb2Os MARIMO at 500 °C.
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2-3-2. Synthesis of TiO>—Nb20Os composite MARIMO

Ti-Nb binary oxides have attracted significant attention since their discovery as they
exhibit reduced electrical resistance,*® high photocatalytic activity under visible light
irradiation,®! and controlled Bransted/Lewis acidity.®? In particular, using Ti-Nb binary oxides
in lithium and sodium ion batteries'®33** has attracted great attention because of its improved
electronic conductivity,® ion diffusion path expansion,® and high theoretical capacity.®® As
mentioned in the introduction, composite MARIMOs consisting of plural metal oxides have
been successfully synthesized.’%13 Herein, a one-pot and single-step technique was used to
obtain TiO>—Nb20Os composite MARIMOs.

A methanol solution of Ti(O'Pr)s and Nb(OEt)s with formic acid was heated at 300 °C
for 10 min. The molar ratio of Ti to Nb in the product MARIMO was easily controlled by
changing the ratio in the corresponding precursor solution (entries 2—4 in Table 2—1). Nearly
equivalent Ti/Nb ratios between the precursor solutions and products were obtained. As shown
in Figures 2—12a—c, Ti and Nb atoms were equally distributed at the nano-level in the TiO>—
Nb20s-75, TiO2—Nb20s-50, and TiO2—Nb2Os-25 samples, where the numbers denote the atomic
percentage of Nb among the total number of Nb and Ti atoms. In addition, the TiO>—Nb2Os
composite MARIMOs were highly porous with specific surface areas of >200 m?/g (Table 2—1

and Figure 2—13).
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Figure 2-12. STEM/EDX analysis of the prepared TiO>—Nb20s composite MARIMOs; (a)
TiO2-Nb20s-75, (b) TiO2—Nb20s-50, (¢) TiO2—Nb20s-25, and (d) TiOs.
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Figure 2—13. (i) Nitrogen adsorption-desorption isotherms and (ii) pore size distributions of (a)
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TiO2, (b) TiO2-Nb20s-25, (C) TiO2-Nb,0s-50, and (d) TiO2—Nb20s-75.
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Only the tetragonal (anatase-type) TiO. peaks were observed in the XRD spectra when
Nb atoms were included in the product MARIMOs (Figure 2—14a). Lower angle shifts of the
diffraction peaks were also observed in the XRD profiles (Figure 2—14b), indicating that the
composite MARIMOs consisted of solid solutions and the crystal lattice was enlarged by the
doped Nb atoms with larger ionic radii (Nb®* = 0.64 A, Ti** = 0.61 A).3” Additionally, precursor
solutions containing larger amounts of Nb(OEt)s resulted in the larger primary particle sizes of
TiO; in the resulting MARIMOs (Table 2—1). However, this crystalline growth of TiO2 was not
observed for the Al,03-TiO,, ZnO-TiO2, and SiO,—TiO, composites.’*!2 Thus, the observed
crystalline growth of TiO2 can be ascribed to the catalytic effect of solid Nb2Os as a solid acid

that promoted crystalline growth.
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Figure 2—-14. XRD patterns of the obtained powdery products prepared with different molar
ratios of Ti/Nb (blue, TiO2—Nb20s-75; green, TiO>—Nb20s-50; red, TiO>—Nb20Os-25; orange,
TiO2). The 26 range: (a) 20-70° and (b) 22—28°.
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Interestingly, hollow MARIMO were formed at a 50 : 50 Ti/Nb molar ratio (Figures 2—
12b and 2-15). However, solid TiO2—Nb20s-50 MARIMO was obtained (Figure 2—16) when
the reaction was immediately quenched at 0 min (the reaction temperature was 300 °C). From
the XRD patterns, the longer reaction time yielded better crystallinity (Figure 2—17). Ostwald
ripening was likely the cause of the hollow MARIMO formation.® These unique hollow
structures imparted large surface area, low density, and high loading capacity. Therefore, the
prepared materials offer promising potential for use in advanced micro-/nano-reactors, catalysis,
energy storage/conversion, biomedicine, sensors, and environmental remediation

applications.3*4

Figure 2—-15. EDX mapping and line-scan of the prepared TiO>—Nb20s-50 MARIMO.
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Figure 2-16. TEM images of the prepared solid TiO2—Nb20s-50 MARIMO.
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Figure 2-17. XRD patterns of the powdery products with different solvothermal-reaction time
(blue, 10 min; red, 0 min).
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2-3-3. Formation of TiNb.O; MARIMO by crystallization of amorphous
TiO2—Nb20Os composite MARIMO

TiNb207 as an anode material for lithium ion batteries has a high theoretical capacity of
387.6 mA-h/g derived from its 5-electron transfer mechanism (Ti**/Ti**, Nb>*/Nb*", and
Nb*/Nb%"). This value is approximately two times higher than that of the commonly used
LisTisO12 (175 mA-h/g).% Thus, TiNb,O7 has attracted significant attention is promising for
application in electric vehicles.?3334 However, TiNb,O- suffers from low ionic and electric
conductivity. Tailoring special nanostructures of TiNb2O7 can be used to harness the advantages
of nanomaterials, including high electrode/electrolyte contact area and short ion diffusion
distances. In particular, microscale spherical materials with hierarchical nanoscale structure are
promising for solving the drawbacks of pure nanoscale porous materials with low tap densities
and poor Coulombic efficiency. Although, the syntheses of TiNb2O7 porous spheres have been
previously reported, those with larger surface areas remain elusive (Table 2—2). Thus, to obtain
TiNb2O7 porous spheres with large surface area, the synthetic conditions of the precursor

composite TiO>—Nb20Os as well as the calcination conditions were closely examined.
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Table 2—2. Reaction conditions to synthesize TiNb2O7 and specific surface area of the products.

Specific
Ti Nb o Solvothermal  Calcination  surface
Solvent Additive . . Ref.
precursor  precursor conditions conditions are
[m?*/g]
isopropyl
Ti(O"Bu)4 Nb(OEt)s diethylenetriamin 200°C,12h 700°C,5h 25.2 41
alcohol
ethanol Ti(O'Pr)a NbCls - 200 °C, 24 h 700°C,2h 25.3 42

Block copolymer
ethanol Ti(O"Bu)4 NbCls 220°C,16h 800°C,5h 23.4 43
Pluronic P123

isopropyl _
Ti(O'Pr)4 NbCls Glycerol 180°C, 24 h 750°C, 12 h 222 44
alcohol
isopropyl _
Ti(O'Pr)4 NbCls diethylenetriamin 200°C, 24 h 800°C,10h 14.3 45
alcohol

First, a similar alcothermal treatment of a 1 : 2 (mol ratio) Ti(O'Pr)s and Nb(OEt)s mixed
methanol solution including formic acid at 300 °C afforded a precursor composite MARIMO
with tetragonal (anatase-type) TiO. and amorphous Nb2Os as determined from its XRD
diffraction pattern (Figure 2-18, blue line). The corresponding SEM images revealed
characteristically large primary particles on the MARIMO surface (Figure 2—19a-i). The second
step involved calcination of the precursor MARIMO at 700 °C for 2 h and yielded monoclinic
TiNb2O7 MARIMO (Figures 2—19a-ii and 2-20a). However, the XRD patterns showed that the
calcined MARIMO contained mainly monoclinic TiNb20O7 with a small amount of tetragonal
(anatase-type) TiO2 and orthorhombic Nb2Os. This indicates that a pure TiNb.O7 MARIMO
was not afforded by the calcination of the as-synthesized TiO>—-Nb2,0Os MARIMO obtained at
300 °C (Figure 2-20b).

Therefore, amorphous TiO>—Nb>Os composite MARIMO was selected as an alternative

precursor (Figures 2—18, red line and 2—-19b-i). The material was prepared using a lower
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temperature (200 °C) alcothermal reaction. As shown in Figure 2-21a, calcination of the
amorphous TiO2—Nb20s composite MARIMO at >600 °C for 2 h produced the desired TiNb.O7
MARIMO with a pure monoclinic phase. In addition, tetragonal (anatase-type) TiO, and
orthorhombic Nb.Os peaks were not observed even in case of the obtained sample at 700 °C
(Figure 2-20b). Fringe structures were observed in the HR-TEM image (Figure 2-21b-i) of the
primary particles, clearly showing that the MARIMO was composed single crystals of TiNb2O-.
The TiNb20O7 porous morphology was clearly demonstrated by high angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM; Figure 2-21b-ii). The specific
surface area of the obtained monoclinic TiNb,O; MARIMO was smaller (50 m?%g) than that
before calcination (Figure 2—-22a-i, 497 m?/g), but 50 m?/g is the highest value reported for this
type of material to the best of our knowledge (Figure 2—-22b-i and Table 2-2). As expected, the
average pore size was enlarged from 2.5 to 8.8 nm (Figure 2—22a-ii and b-ii), which is favorable
for guest materials to access deep into the porous spheres. In addition, the pore space between
the TiNb2O7 MARIMO can buffer volume changes derived from the phase transitions occurring
during lithiation/delithiation, which may result in good cycling performance via enhanced
structural stability.*® Thus, TiNb.O7 porous spheres were successfully prepared with a
monoclinic crystal phase and wide pores by calcination of the amorphous TiO>-Nb2Os

composite MARIMO precursor.
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Figure 2-18. XRD patterns of the obtained powdery products prepared with different
solvothermal-reaction temperature and time (blue, 300 °C 10 min; red, 200 °C 3 h).

Figure 2-19. SEM images of the TiNb2O7 MARIMO (a) obtained by the synthesis at 300 °C
and (b) at 200 °C in the synthesis process; (i) as-synthesized and (ii) after calcination at 700 for
2h.
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Figure 2-20. XRD diffraction patterns of the TiNb2O7 MARIMO obtained by calcination of
different precursor MARIMOs (blue, crystallized MARIMO; red, amorphous MARIMO). The
260 range: (a) 10—80° and (b) 20—30° (green, orthorhombic Nb20Os; purple, tetragonal TiO>).
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Figure 2-21. (a) XRD patterns of the calcined amorphous TiO2—Nb20s composite MARIMO
at 500-700 °C (blue, 700 °C; green, 600 °C; red, 500 °C). (b) HR-TEM (i) and HAADF-STEM
(if) images of the amorphous TiO2—Nb20Os composite MARIMO calcined at 600 °C.
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Figure 2-22. (i) Nitrogen adsorption-desorption isotherms and (ii) pore size distributions of (a)
the amorphous TiO2—Nb20s composite MARIMO and (b) the TiNb2,O7 MARIMO.
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2—4. Conclusions

Monodispersed Nb2Os porous spheres (Nb20s MARIMO) with 630 nm in diameter were
prepared via the simple alcothermal reaction of a methanol solution of Nb(OEt)s with formic
acid. The crystallinity and pore size of the prepared Nb,Os MARIMO were improved by
prolonging the reaction time or simple calcination of the product. TiO>—Nb2Os composite
MARIMO was obtained using a similar alcothermal reaction of Ti(O'Pr)s, Nb(OEt)s, and formic
acid in methanol, with a product Ti:Nb atomic ratio that was controlled by changing molar ratio
of Ti(O'Pr)s and Nb(OEt)s in the precursor solution. A two-step synthetic approach for the
generation of TiNb2O7 porous spheres was developed via an alcothermal treatment of a 1:2
(molar ratio) mixed solution of Ti(O'Pr)s and Nb(OEt)s in methanol followed by simple
calcination. Considering the fact that the obtained submicron-sized porous spheres of niobia
and their composites have a large surface area, and high performance can be expected in the
field of catalysts and batteries. To evaluate catalyst and battery performance, the research for a

practical application is undergoing.
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Chapter I11.

Rapid one-pot synthesis of ultrafine titania nanocrystals and their conversion

into transparent mesoporous thin layer films

3—1. Introduction

Controlling the size and morphology of inorganic nanocrystals is an important aspect of
improving certain intrinsic characteristics, such as electronic, magnetic, photophysical, and
catalytic properties.>? Over the past decade, considerable effort has been devoted to developing
new methods for the synthesis of unique nanomaterials having well-controlled sizes and
specific morphologies.®* The precise synthesis of titania nanocrystals has been intensively
researched owing to the potential applications of this oxide in energy storage, photocatalysts,
solar cells, and other optoelectronic devices.>®

A wide variety of solution-based techniques based on sol-gel, co-precipitation,
hydrothermal, and solvothermal processes have been developed for the synthesis of
nanocrystalline TiO2.2% Although these conventional approaches are able to synthesize TiO;
crystals from 10 to 50 nm in size, there remains a need for an efficient method capable of
generating crystals in sizes less than 5 nm. The synthesis of ultrafine TiO2 nanocrystals is quite
difficult as a result of sintering of the primary particles during the high-temperature reaction
and/or the post annealing process. Several approaches have recently been reported as potential
means of overcoming the limitations of the present-day methods.}? Pioneering techniques
meant to address this challenge include the use of self-assembled molecular cages®® and
dendrimers?* as sacrificial templates. However, much simpler synthetic methodologies are
desirable based on practical considerations.

Recently, we have successfully synthesized porous spherical nanocrystal assemblies
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having extremely wide surface area by our original one-pot and single-step solvothermal
method.®22 The key factor to yield such porous spherical morphology is to control solvolysis
rate of metal alkoxide in the precursor solutions under solvothermal conditions. For example,
we chose carboxylic acid as additives for the preparation of titania nanocrystal assembles. As a
result, we have controlled the resultant morphologies of the solid or hollow porous
nanomaterials by changing the carboxylic acid as an additive. However, the relationships
between the resultant material morphology and chemical structure of carboxylic acid as an
additive have yet to be well understood.

In this chapter, a simple, one-pot approach to producing ultrafine titania nanocrystals,
using a rapid heating technique in conjunction with a solvothermal reaction using aliphatic
carboxylic acid were reported. This rapid heating method enhances the nucleation and crystal
growth of the nanocrystals, thus avoiding undesired sintering during the high temperature

solvothermal reaction and ensuring sub-5 nm sized nanocrystals.
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3-2. Experiment
3-2-1. Materials

Methanol, hexane, toluene, oleic acid, linoleic acid, oleylamine, titanium tetrabutoxide
[Ti(O"Bu)4], ascorbic acid, potassium bromide (KBr), and potassium chloride (KCI) were
purchased from FUJIFIM Wako Pure Chemical Corporation. Octanoic acid was purchased from
Tokyo Chemical Industry Co., Ltd. Commercial titania powder (Degussa P25 TiO.) was
obtained from Nippon Aerosil Co., Ltd. All the reagents used as received, unless otherwise

noted.

3-2-2. Synthetic procedure

Synthesis of titania nanocrystals. Titania nanocrystals were synthesized by using
liquid mixtures of titanium alkoxide and oleic acid as precursor solutions. For example,
adequate amounts of Ti(O"Bu)s (125 pL, 0.35 mmol) and oleic acid (3.5 mL, 11.1 mmol) were
mixed in a glass vial. The resultant precursor solution was transferred to an SUS-316 stainless
steel tubular reactor of 10 mL inner volume, and then, the reactor was sealed with an SUS-316
screw cap. The sealed reactor was placed in a pre-heated molten-salt bath, which was heated to
and maintained at 300 °C for 10 min. In the present experimental conditions, maximum heating
rate is reached to 500 °C/min. Thus, the inner pressure of the reactor is drastically increasing
within 30 seconds. It should be carefully treated with protection gloves, lab coat, and eye shield
to avoid unexpected accident. After certain time period, the reaction was immediately quenched
by placing the reactor in an ice-water bath. The obtained precipitates were centrifuged, washed

with methanol, and dried under vacuum to give a powdery product.

Preparation of the thin-layer films. The synthesized TiO. sample (20 mg) was

dispersed in toluene (4 mL). The resultant dispersion was drop-casted on the ITO glass plate (1
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cm X 1 cm square), and then calcined in an electric oven under air at 400°C for 2 h. As a control
experiment sample, the commercial TiO2 (Degussa P25 TiO2, 5 mg) was prepared by the same

manner with methanol (1 mL).

3-2-3. Characterization methods

Transmission electron microscopy. The Transmission electron microscopy (TEM)
images were measured on a JEOL JEM-2100F. For the preparation of the specimen, first, the
washed sample was dispersed in methanol. Then, 10 uL of resultant dispersion was drop-casted

on a carbon-coated copper microgrid and the solvent was vaporized under atmospheric pressure.

Scanning electron microscopy. Scanning electron microscopy (SEM) was performed
using a Hitachi SU8020 FE-SEM. A specimen was prepared by drop-casting of the sample
dispersion on a silicon wafer and calcining at 400 °C for 2 h. Energy-dispersive X-ray (EDX)

mapping images were obtained from HORIBA X-max EDX spectrometer.

X-ray diffraction measurements. X-ray diffraction (XRD) patterns were obtained
using a Rigaku SmartLab diffractometer with graphite-monochromatized Cu Ko radiation (X-
ray wavelength: 1.5418 A) in steps of 0.02° over the 26 range of 10-90°. The powdery samples

were set on a non-refractive silicon holder (Overseas X-Ray Service, Japan).

Infrared spectroscopic measurements. Fourier transform infrared (FT-IR) spectra
were recorded using a JASCO FT/IR-480 plus spectrometer. The sample was thoroughly

ground and press-molded with KBr.

Thermogravimetric measurements. The thermogravimetric (TG) analysis was
measured on a HITACHI STA7200RV. A samples was placed on an open platinum sample pan.

The experiments were conducted at 2 °C/min heating rate in air.
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Small-angle X-ray scattering measurements. Small-angle X-ray scattering (SAXS)
patterns were obtained using a Rigaku SmartLab diffractometer with graphite-
monochromatized Cu Ka radiation (X-ray wavelength: 1.5418 A) in steps of 0.02° over the 26
range of 0.12—8°. A sample was dispersed in hexane and filled in a glass capillary (¢1.0 mm).
The measurement was conducted using transmission method. The scattering data was analyzed
on the basis of a curve fitting to a cylinder model using Rigaku NANO-Solver Ver. 3.6 (particle

size and pore size analysis software).

Nitrogen adsorption-desorption isotherm measurements. Nitrogen adsorption—
desorption isotherms were obtained using a Belsorp Mini Il (BEL Corp.). For the preparation
of the specimen, first, the washed sample was dispersed in hexane and dried in a crucible
overnight. Then, it was calcined at 400 °C for 2 h and dried at 250 °C for 6 h under vacuum
condition. The specific surface areas were determined using the Brunauer-Emmett-Teller (BET)
multipoint method. The average pore size distributions were calculated using the Barrett-

Joyner-Halenda (BJH) from the nitrogen adsorption isotherm data.

UV-vis spectroscopic measurements. Transmittance and reflectance spectra of the thin-
layer film was measured on a JASCO V-650 spectrophotometer with an integrated sphere
attachment. After the first measurement, the process of drop-casting, calcination and

measurement was repeated twice using the same glass.

Photocurrent measurements. Photocurrent measurements were performed on EC
Frontier ECstat-300 with the standard three-component electrochemical cell composed of a
photocatalyst-deposited ITO working, Pt-coil counter, Ag/AgCI reference electrodes. An
aqueous solution of ascorbic acid (0.2 mol/L) and KCI (0.1 mol/L) was used as an electrolyte
solution. UV irradiation was carried out with 300 W Xenon lamp (MAX-301, Asahi Spectra

Co., Ltd.).
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3-3. Results and discussion
3-3-1. Synthesis of titania nanocrystals

The nanostructure of the powdery product was confirmed by TEM. Surprisingly, the
obtained materials exhibited perfectly uniform sizes and morphologies (Figure 3—1a), with an
average particle diameter of 3.0 + 0.4 nm (Figure 3—1b). Judging from the high-resolution TEM
(HR-TEM) images, each product generated a clear lattice fringe with an interplanar distance of
0.19 nm (Figure 3-2), corresponding to the (200) or (020) planes of anatase TiO.. XRD patterns
also demonstrated the presence of an anatase phase, although a bronze phase was present in less
than 10 % (Figure 3-3).2% It is also worth noting that these nanocrystals exhibited a perfect
periodic arrangement on the micrometer scale, judging from the wide-range TEM observation
shown in Figure 3—1c. The fast Fourier transform (FFT) of the TEM image presented in Figure
3—1d also shows a hexagonal pattern, providing evidence for perfect periodicity in the observed
structure. These results show that the present method synthesizes extremely fine and uniformly

sized TiO2 nanocrystals.
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Figure 3—-1. (a) TEM image and (b) size distribution histogram of the TiO2 nanocrystals. The
size distribution was evaluated by statistical analyses (N = 100) using selected TEM images.
(c) Low magnification TEM image of the periodically aligned TiO2 nanocrystals. (d) The FFT
image derived from the image in (c).
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Figure 3-2. HR-TEM image of the obtained TiO. nanocrystals (3 nm).
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Figure 3-3. XRD patterns of the obtained TiO2 nanocrystals (3 nm).
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3-3-2. Generation mechanism of hexagonal assemblies

To confirm the role of the oleic acid in the formation of these titania nanocrystals, we
performed a detailed characterization of the products using FT-IR spectroscopy and TG analysis.
As shown in Figure 3—4a, the IR spectra of the powdery product show strong characteristic
peaks around 3000 and 1500 cm™. These peaks can be assigned to antisymmetric and
symmetric C—H stretching vibration modes, typically located at 2920 and 2851 cm™?, and
antisymmetric and symmetric stretching vibration modes of the COO™ anion on the surface of
the TiO,, located at 1514 and 1427 cm ™%, respectively.?* In addition, the TG data demonstrate a
mass loss of approximately 30% in the temperature range from 200 to 400 °C (Figure 3—4b),
indicating the inclusion of organic material. These results show that the surfaces of the
nanocrystals were covered with oleate anions. The surface covering of oleate anion on the
nanocrystals may also contribute the hexagonal periodic alignment of the nanocrystals through
the lipophilic interaction between unsaturated aliphatic chains.

As a result of the strong interaction between the oleate anions on the TiO> surfaces, the
nanocrystals could be redispersed in non-polar solvents, such as hexane and toluene, in a stable
manner. This enabled the spectroscopic analysis of the nanocrystal structure using SAXS.
Figure 3—4c presents the SAXS profiles for a hexane dispersion of the TiO2 nanocrystals.
Theoretical curve fitting determined that the SAXS profile (the red trace) could be matched to
the curve generated using a rod model (black line), indicating that the dispersed TiO:
nanocrystals had an anisotropic rod structure with a small aspect ratio (length/diameter = 2.5).
The average diameter based on calculations using the rod model was estimated to be 3.6 nm
(Figure 3—4d). This value is consistent with that derived from the TEM observations in Figure
3—1a. To confirm the formation of an anisotropic rod structure, we performed an acid treatment

of the as-prepared TiO2 nanocrystals to remove the olate anions and then isolated the
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nanocrystals. Rod-like nanocrystals were subsequently observed by TEM, as shown in Figure
3-5. This fact is again consistent with the surface covering of olate anion on the TiO>

nanocrystals through the chemical adsorption.
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Figure 3—4. (a) FT-IR spectrum of the TiO2 nanocrystals. (b) TG data for the TiO2 nanocrystals,
measured in air at a heating rate of 2 °C/min. (c) SAXS profile of a hexane dispersion of the
TiO2 nanocrystals (red curve) at 25 °C, and a simulated scattering pattern (black curve). (d) The
calculated diameter distribution resulting from the rod model.

61



2 ;»!9 ¥ Q",

after washing with 0.1
mol/L HCI aqueous solution: at (i) low magnification and (ii) high magnification.

62



The factors influencing the formation of the ultrafine nanocrystals were assessed by
examining the effect of the heating rate. In comparison with the products obtained from the
rapid heating reaction, clear structural differences were observed when using slow heating. The
products of the slow heating reaction showed an agglomerated structure (Figure 3—6b) in
contrast to the nanocrystals prepared by rapid heating (Figures 3—1a and 3—6a). The maximum
reaction temperature also affected the ultrafine structure of the products, even when applying
rapid heating. The reaction at a relatively low temperature (250 °C) with rapid heating gave
amorphous agglomerates (Figure 3—7a). In contrast, the product prepared at a higher
temperature (400 °C) with rapid heating afforded highly crystallized TiO2 nanocrystals
approximately 5 nm in size (Figure 3-7b). The results of their XRD analysis were also
consistent with the TEM observations (Figure 3—7¢). The HR-TEM image for the 5-nm TiO>
nanocrystals also showed a clear lattice fringe with an interplanar distance of 0.19 nm (Figure
3-8), which was correspond to the (200) or (020) planes of anatase TiO>. These results suggest
that rapid heating to a suitable target temperature is crucial to the growth of fine nanocrystals

without sintering.

63



5 nm

(c)

3
A
>
=
[
c
[
P}
=

bronze-type TiO,

I [L o TN A (monoclinic)

anatase-type TiO,

| | 1\ , (tetragonal)

10 20 30 40 50 60 70 80 90

20 [degree]

Figure 3-6. TEM images of (a) the TiO2 nanocrystals synthesized by rapid-heating
solvothermal reaction (heating rate: 500 °C/min, reaction temperature: 300 °C) and (b) the TiO>
agglomerates synthesized by slow-heating solvothermal reaction (heating rate: 5.4 °C/min,
reaction temperature: 300 °C). (c) XRD patterns of the TiO, nanocrystals (red line) and the TiO>
agglomerates (blue line).
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Figure 3—7. TEM images of TiO2 nanocrystals obtained using different solvothermal-reaction
temperature: (a) 250 °C, (b) 400 °C. (c) XRD pattern of the powdery products with different
solvothermal-reaction temperature (blue, 400 °C; red, 300 °C; green, 250 °C)

65



Figure 3-8. HR-TEM image of the obtained TiO. nanocrystals (5 nm).

The presence of oleic acid as a solvent and additive is another critical factor in the
present reaction. The use of octanoic acid, which has a relatively short aliphatic chain, gave a
product having an aggregated structure (Figure 3-9a). In contrast, linoleic acid produced similar
nanocrystals with a periodic alignment, indicating that a longer aliphatic chain is necessary to
prevent the aggregation of the nanocrystals (Figure 3-9b). Furthermore, judging from the
results obtained with oleylamine, the carboxylic acid group is also important to the formation

of nanocrystals (Figure 3-9c).
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Figure 3-9. TEM images of the TiO2 particles synthesized by rapid-heating solvothermal
reaction (heating rate: 500 °C/min, reaction temperature: 300 °C) with (a) octanoic acid, (b)
linoleic acid, and (c) oleyl amine instead of oleic acid.
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On the basis of the above experimental results, we propose a generation mechanism of
hexagonal assemblies. Generally, mesoporous materials having periodic pore, such as MCM-
41 and SBA-15, were prepared by using micellar templates composed of ionic surfactants such
as cetyltrimethylammonium bromide.?>? In contrast to the typical synthetic conditions of
mesoporous materials, the neat conditions with a large amount of oleic acid might give rod-like
reverse micelles with titanium tetrabutoxide, where butoxy anions were exchanged with oleate
anions to wrap the nano-rods.?” Then, when these soft-templated structures were heated up to
300400 °C, titanium olate was converted to rod-like nanocrystals. Finally, rod-like
nanocrystals were self-assembled in a hexagonal array during drying process. This was
confirmed by measuring the SAXS profiles of the rod-like nanocrystals before and after drying
(Figure 3—10).28 The estimated distance (ca. 6.1 nm) between the nanocrystals from the 2 theta
angle of the peak in the SAXS profile (20 = 1.42°) was consistent with the center-to-center

distance of nanocrystals in the TEM observations (Figures 3—1a and 3-2).
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Figure 3—10. SAXS profiles of a methanol dispersion of the TiO2 nanocrystals before (red line)
and after (blue line) drying.
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3-3-3. Preparation of the mesoporous TiO: thin layer films

Further investigations of the resultant ultrafine TiO> nanocrystals revealed another
interesting phenomenon. Recently, TiO2 nanoparticles have been considered for use in practical
applications as a coating material to give anti-reflective, self-cleaning properties and
superwettability to material surfaces.?®=32 In this context, the structural features of the present
TiO2 nanocrystals motivated us to consider their use as practical coating materials. Figure 3—
11a shows the structure of a calcined TiO- thin layer film prepared through the drop-casting of
a nanocrystal dispersion onto a Si wafer followed by calcination at 400 °C. These SEM
observations show that the obtained TiO- film had a uniform thickness in the sub-millimeter
thickness range (Figures 3—11a-i and 3—12), and a mesoporous structure (Figure 3—11a-ii). The
XRD analysis of the resultant calcined film afforded anatase phase with the disappearance of
the bronze phase (Figure 3—13). To further characterize the porous thin film, we also performed
nitrogen adsorption/desorption measurements to determine the specific surface area and pore
size distribution. On the basis of the adsorption-desorption isotherm in Figure 3—11b-i, the
specific surface area and mean pore size were estimated to be 136 m?/g (BET method) and 8.1
nm (Figure 3—11b-ii, BJH method), respectively. This estimated BJH pore size was also
consistent with the gap of the nanocrystals in the high magnification image of the SEM

observations (Figure 3—11a-ii).
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Figure 3—11. (a) SEM images (i, low magnification; ii, high magnification) of the porous TiO2
thin-layer film obtained by drop-casting a hexane dispersion of TiO2 nanorods followed by
calcination at 400 °C in air. (b) Specific surface area analysis of the calcined TiO: film (i,
nitrogen adsorption/desorption isotherm; ii, pore size distribution derived by the BJH method.)
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Figure 3—12. The cross-section SEM (a) and EDX mapping (b: Si atom mapping, c: Ti atom
mapping) images of the calcined porous TiO> film on a silicon wafer, which was prepared from
the dispersion of TiO2 nanocrystals.
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Figure 3—13. XRD pattern of the calcined TiO> film prepared from the dispersion of the 3-nm
TiO2 nanocrystals.
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The optical properties of the resultant mesoporous TiO film were also assessed. As
shown in Figure 3—14a-i, the film had good optical transparency even after three cycles of drop-
casting and calcination. Transmittance and reflectance in the UV-visible region were also
measured with an integrating sphere system. Consistent with the above optical images, the
transmittance and reflectance spectra exhibited no significant changes with repeated TiO:
coating applications, although the slight decreasing of the transmittance and increasing of the
reflectance in the ultraviolet region from 300 to 400 nm was observed corresponding to the
band-gap absorption of the TiO, nanocrystals. To emphasize this point, we also conducted a
similar experiment with commercial TiO2> nanoparticles approximately 25 nm in size, as a
control. For comparison, the same amount of commercial TiO> (Degussa P25) was deposited
on glass in the same manner. In this case, the optical transparency and reflectivity were
significantly changed over three cycles of coating (Figure 3—14b), possibly due to the surface
roughness of the resultant film, as indicating by the SEM images in Figure 3—15. These results

indicate the potential of our ultrafine nanocrystals as coating materials.
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Figure 3-14. Optical image (i), transmittance spectra (ii), and reflectance spectra (iii) of
deposited TiO; thin films on glass substrates prepared from dispersions of (a) TiO2 nanocrystals
and (b) commercial TiO2 (Degussa P25 TiOz) nanoparticles.
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Figure 3—15. SEM images of the calcined TiO2 film prepared from the dispersion of commercial
TiO2 (Degussa P25 TiO2) nanoparticles: at (a) low magnification and (b) high magnification.
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3-3-4. Evaluation of catalytic ability of TiO> thin layer film

To evaluate the catalytic ability of the above mesoporous TiO> thin layer film, transient
photocurrent measurements were also performed. Prior to these measurements, TiO2 samples
(our 3-nm TiO2 nanocrystals and P25 TiO) were drop-cast on ITO glass and calcined in the
same manner as above. The resultant TiO> films were used as photoanodes in
photoelectrochemical cells with a standard three-electrode setup. As shown in Figure 3-16,
both TiO> film electrodes showed stable photocurrent responses during repeated ON-OFF
photoirradiation cycles. However, in spite of its transparency, the mesoporous TiO2 film
electrode prepared from the ultrafine TiO2 nanocrystals generated a photocurrent 2.7 times that
obtained from the commercial P25-TiO, film electrode. The stability of photocatalysts was
proved by 15 cycles of repeated ON-OFF photoirradiation in Figure 3—17. In addition, the
comparison of the photocatalytic activity between nanocrystal films prepared from the
dispersions of the 3-nm and 5-nm TiO2 nanocrystals (Figure 3—18), which were synthesized
different solvothermal reaction temperature, showed similar results (Figure 3—19), although the
slight photocurrent improvement in the case of the 3-nm TiO, nanocrystal film was observed
due to the nano confinement effect. The above series of experiments clearly demonstrate the
potential usefulness of these ultrafine TiO2 nanocrystals in a wide variety of applications, such
as coating materials for anti-reflection and self-cleaning films and electrode base materials for

solar cells.
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Figure 3—16. Transient photocurrent responses of semiconducting thin layer electrodes prepared
from ultrafine 3-nm TiO2 nanocrystals (red line) and commercial TiO2 nanoparticles (Degussa
P25 TiOg, blue line) under ON-OFF cycles of UV irradiation (< 350 nm).
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Figure 3—17. Transient photocurrent responses of semiconducting thin layer electrodes prepared
from ultrafine 3-nm TiO2 nanocrystals under ON-OFF cycles of UV irradiation (< 350 nm).
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Figure 3—18. SEM images of the calcined TiO> film prepared from the dispersion of 5-nm TiO»
nanocrystals: at (a) low magnification and (b) high magnification.
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Figure 3—19. Transient photocurrent responses of semiconducting thin layer electrodes prepared
from ultrafine 3-nm TiO2 nanocrystals (synthesized by the solvothermal reaction at 300 °C, red
line) and 5-nm TiO2 nanocrystals (synthesized by the solvothermal reaction at 400 °C, green
line) under ON-OFF cycles of UV irradiation (< 350 nm).
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3—4. Conclusions

In conclusion, a new method for synthesizing ultrafine TiO2 nanocrystals using a rapid
one-pot solvothermal reaction were demonstrated. It is of particular note that these
monodispersed ultrafine nanocrystals can be easily converted into a low reflecting porous thin
layer through a simple drop-casting and calcination process. The present research suggests a
new approach to the facile synthesis of ultrafine nanocrystals and the preparation of nano

concave-convex surfaces for transparent anti-reflection materials.
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Chapter IV.

Selective synthesis of Ti-based nanocrystals via hydrothermal method using

squaric acid

4—1. Introduction

TiO is known as a promising material used in a wide area of applications in energy
storage, photocatalysts, solar cells, and other optoelectronic devices.>? Controlling crystal
structures and exposing desired crystal face are important for improving performance.®* Three
types of TiO2 crystal structures were known: rutile (tetragonal), anatase (tetragonal), and
brookite (orthorhombic). Stability of the TiO> phases depends on their particle sizes. Rutile is
the most stable phase for particles where particle sizes are above 35 nm, anatase is the most
stable phase for nanoparticles of which particle sizes are below 11 nm, and brookite is found to
be the most stable for 11-35nm nanoparticles.®> Although anatase-type TiO2 with large surface
area has been well studied, few studies have been reported on the synthesis of rutile-type TiO>
with a specific surface area over 100 m?/g.5~

The fundamental structure of all three crystal phases of TiO2 consists of TiOs octahedra
with different spatial arrangements (Figure 4-1).° Rutile is composed of primarily corner-
sharing octahedra with each octahedron surrounded by ten octahedra: two of them are edge-
shared, and eight of them are corner shared. The TiOs octahedra in anatase are surrounded by
eight octahedra (four edges and four corners are shared). Thus, the fraction of edge-sharing
octahedra to form anatase is larger than that of rutile (50% vs 20%, respectively). In order to
form an edge-sharing bond between two octahedra, two juxtaposed hydrolysis and

condensation reactions must occur. Corner-sharing octahedra requires just one hydrolysis and
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condensation reaction in the coordination sphere. Therefore, the crystal phases of TiO2 can be
formed separately by controlling the hydrolysis and condensation reactions depending to the
coordination form of the titanium complex.®*

In this chapter, hydrothermal synthesis of urchin-like TiO> crystals with rutile crystal
phase using squaric acid was studied. Squaric acid (3,4-dihydroxycyclobut-3-ene-1,2-dione) is
a type of oxocarbonic acid in which two carbonyl groups and two hydroxyl groups are arranged
on a cyclobutene ring via a conjugated system. Squaric acid features quite strong acidity'? (pKas
=0.54, Figure 4-2) as an organic acid as well as unique square molecular structure with various
coordination modes to metal cations (Figure 4-3).%* Due to its unique properties, it is widely
used in the fields such as synthetic organic chemistry, medicinal chemistry, and functional
materials science.'* 8 In particular, squaric acid has attracted significant attention as a ligand for
metal-organic frameworks (MOFs).!72! However, to our knowledge, such unique squaric acid
has not been utilized as an additive for metal oxide nanoparticles. Then, | expect that the usage
of squaric acid would be a new synthetic approach to lead a new type of metal oxide particle

assemblies.

rutile anatase brookite
—

” % 7 .’ﬁw'

| I e
” = . q. .

Figure 4-1. lllustrations of the TiOe octahedral arrangements.
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Figure 4-2. Acidity and delocalization of squaric acid.
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Figure 4-3. Different bridging modes of squarate dianion with metal cations.
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4-2. Experiment
4-2-1. Materials

Titanium tetraisopropoxide [Ti(O'Pr)4], tris(acetylacetonato)ruthenium(l11) [Ru(acac)s],
methanol, potassium bromide (KBr), molecular sieves 3A, and silica gel were obtained from
FUJIFIM Wako Pure Chemical Corporation. Squaric acid was purchased from Tokyo Chemical
Industry Co., Ltd. Commercial TiO2 nanoparticles (JRC-TIO-16) was obtained from Sakai

Chemical Industry Co., Ltd. All reagents were used as received unless otherwise noted.

4-2-2. Synthetic procedure

Synthesis of Ti-based nanocrystals. Ti(O'Pr)s (196 pL, 0.625 mmol) was added to a
solution of squaric acid in water (12.5 mL) and the suspension was sonicated at 50 °C. The
resultant precursor solution was sealed in a Teflon-lined autoclave with a 25 mL inner volume.
The sealed autoclave was heated to 150 °C and the temperature was maintained at 150 °C for 3
h. After cooling to room temperature, the precipitates were centrifuged, washed with water and
methanol several times, and dried in a vacuum to afford a powdery product.

Synthesis of hexagonal plates. Ti(O'Pr)s (196 pL, 0.625 mmol) was added to a solution
of squaric acid (285 mg, 2.5 mmol) in water (12.5 mL) and the suspension was sonicated at
50 °C. The resultant precursor solution was sealed in a Teflon-lined autoclave with a 25 mL
inner volume. The sealed autoclave was heated to 120 °C and the temperature was maintained
at 120 °C for 72 h. After cooling to room temperature, the precipitates were centrifuged, washed
with water and methanol several times, and dried in a vacuum to afford a powdery product.
hexagonal plates

Synthesis of urchin-like TiO2 nanocrystals. Ti(O'Pr)4 (2.35 mL, 7.5 mmol) was added

to a solution of squaric acid (570 mg, 5 mmol) in water (50 mL) and the suspension was
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sonicated at 50 °C for 3 h. The resultant precursor solution was sealed in a Teflon-lined
autoclave with a 100 mL inner volume. The sealed autoclave was heated to 180 °C and the
temperature was maintained at 180 °C for 5 h. After cooling to room temperature, the
precipitates were centrifuged, washed with water and methanol several times, and dried in a

vacuum to afford a powdery product.

Preparation of RuO2/TiO2. RuO,/TiO> catalysts with Ru amount of 2 wt% were
prepared by wet impregnation method. Prior to wet impregnation, urchin-like TiO2 nanocrystals
were calcined at 350 °C for 1 h in air to remove organic residue. Ru(acac)s (40 mg, 0.1 mmol)
dissolved in 5 mL of methanol was added to a powdery support (500 mg) prior to the sonication
for 5 min. Then mixed solution was stirred using an AR-100 planetary centrifugal mixer
(Thinky Corp.) until the solvent was evaporated. The obtained product was grounded with a
pestle and a mortar and dried at 80 °C for 1 h in an oven. The obtained powdery product was

calcined at 300 °C for 2 h in air to yield the final product.

4-2-3. Characterization methods

Transmission electron microscopy. The transmission electron microscopy (TEM)
images were obtained using a JEOL JEM-2100F. The specimens were prepared as follows:
samples were dispersed in methanol; 10 pL of the resultant dispersion was drop-casted onto a
carbon-coated copper microgrid (Okenshoji, Japan); and the solvent was evaporated under
atmospheric pressure. Energy dispersive X-ray (EDX) mappings of high angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM) images were obtained using

an Oxford INCA X-max 80 EDX spectrometer.

Scanning electron microscopy. Scanning electron microscopy (SEM) was performed

using a Hitachi SU8020 FE-SEM. The specimens were prepared by drop-casting the sample
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dispersion on a silicon wafer.

X-ray diffraction measurements. X-ray diffraction (XRD) patterns were recorded
using a Rigaku SmartLab diffractometer with graphite-monochromatized Cu Ka radiation (X-
ray wavelength: 1.5418 A) in steps of 0.02° over the 26 range of 5-90°. The powdery samples

were placed on a non-refractive silicon holder (Overseas X-Ray Service, Japan).

Energy dispersive X-ray fluorescence analysis. Energy dispersive X-ray fluorescence
(EDXRF) analysis was performed using a Epsilon 1 (Malvern Panalytical Ltd.). The powdery
samples (100 mg) were loaded in the plastic cup (inner diameter: 6 mm) to cover with Mylar

film (6 pum).

Thermogravimetric analysis. The thermogravimetric (TG) analysis was performed
using a HITACHI STA7200RV instrument. A sample was placed on an open platinum sample

pan. The samples were heated at a 2 °C/min heating rate in air.

Infrared spectroscopic measurements. Fourier transform infrared (FT-IR) spectra
were recorded using a JASCO FT/IR-4600 spectrometer. The sample was mixed with KBr and

measured using diffuse reflection method.

Nitrogen adsorption-desorption isotherm measurements. Nitrogen adsorption-
desorption isotherms were obtained using a Belsorp Mini Il instrument (BEL Corp.). Before
performing measurement, the powdery samples were pre-treated by vacuum heating at 250 °C
for 5 h to remove absorbed moisture on surface. The specific surface areas were determined

using the Brunauer—Emmett—Teller (BET) multipoint method.

CO-pulse adsorption measurements. Prior to pulse measurement, RuO/TiO> catalyst
(50 mg) was reduced under Hz stream (30 mL/min) at 200 °C for 2 h, and Ru/TiO- catalyst was

pretreated at 200 °C for 1 h in He to remove adsorbed H.. Then, CO-pulse adsorption
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measurement was performed using 5 vol% CO/He (50 mL/min) at 50 °C. The outlet gas was
analyzed by BELCAT Il (MicrotracBEL) equipped with a thermal conductivity detector (TCD)

using He as a carrier gas. The Ru dispersion was calculated as follows:

Veo X SF/22414 XM

100
Wx

Ru dispersion =
where V¢q: absorbed amount
SF stoichiometric factor (1)
M: atomic mass of Ru (101.07 g/mol)
W weight of sample (g)

x: loading amount of Ru deposits on the TiO> supports (quantified by XRF analysis)

Evaluation of catalytic activity. The catalytic activity of the Ru/TiO> catalysts for CO>
methanation was tested using the flow-type reactor (BELCAT II; MicrotracBEL) at the
atmospheric pressure. The catalyst (200 mg) was loaded in the fixed bed reactor stuffed by
quartz wool on both sides. Prior to the active test, the catalyst was reduced under Hz stream (30
mL/min) at 200 °C for 2 h. Then, CO2 methanation was conducted in a mixed gas stream of
CO2 (10%), H2 (40%), and Ar (50%) at a total flow rate of 20 mL/min. After the mixed gas was
fed for 30 min, the effluent gaseous products were passed through a molecular sieves 3A and
silica gel to remove water vapor and then analyzed by a gas chromatograph (GC3200; GL
Sciences) using an active carbon column equipped with a TCD using Ar as a carrier gas. From

the GC data, the CHa yield (%) was determined as follows:

XcH,

x 100
Xco, + Xcu, T Xco

CH, yield (%) =

where Xcq,: proportion of CO, molecules in the outflow
Xcn, - proportion of CH4 molecules in the outflow

Xco: proportion of CO molecules in the outflow

88



To calculate chemical equilibrium of the product mixture, Newton’s method is employed with
the NASA computer program Chemical Equilibrium with Applications (CEA) developed by
Gordon and McBride.?? The activation energies of the catalysts was assessed via turnover
frequency (TOF), which was normalized by the loading amount and the dispersion of Ru

deposits on TiO, supports?®:

Fco,Xcu,M

TOF (S71) = =2

where Fco,: moles of CO> per unit time in the inflow (mol/s)
Xcn, - proportion of CH4 molecules in the outflow
M: atomic mass of Ru (101.07 g/mol)
W weight of catalyst (g)
D: Ru dispersion of Ru on the support

x: loading amount of Ru deposits on the TiO2 supports (quantified by EDXRF analysis)
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4-3. Results and discussion
4-3-1. Hydrothermal synthesis of Ti-based nanocrystals using squaric acid

Ti(O'Pr)s was mixed with water yielding a white suspension. Squaric acid was added to
the suspension and the suspension was sonicated. Then, the white suspension changed to a
homogeneous red solution (Figure 4-4). The slow resolution with drastic color change suggests
that a rather strong Ti(IV)-oxocarbon interaction via the CO moieties with the formation of a

strongly allowed ligand to metal charge transfer state.?

Sonication .

»

. o
e

Figure 4-4. Change in color of precursor solutions.

Ti(OPPr), + H,0

The precursor aqueous solutions were heated at 150 °C for 3 h in a Teflon autoclave.
TiO2 synthesized without additives had a heterogeneous morphology and crystal phases of
anatase and brookite (entry 1 in Table 4-1, Figures 4-5a and c). On the other hand, TiO>
obtained by adding squaric acid had an urchin-like morphology and a crystal phases of rutile

(entry 2 in Table 4-1, Figures 4-5b and c).
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Table 4-1. Reaction conditions of the prepared Ti-based nanocrystals using squaric acid.

Entry Concentration of Concentration of Molar ration of Volume of Reaction Reaction

Ti(O'Pr), squaric acid Ti(O'Pr); and H,0O temperature time

[mmol/L] [mmol/L] squaric acid [mL] [°C] [h]
1 50 - 1:1 17.5 150 3
2 50 50 1:1 175 150 3
3 75 75 1:1 17.5 150 3
4 100 100 1:1 175 150 3
5 150 150 1:1 17.5 150 3
6 50 50 1:1 125 150 3
7 50 100 1:2 12.5 150 3
8 50 200 1:4 125 150 3
9 50 200 1:4 12.5 120 72
10 50 50 1:1 17.5 150 0.5
11 150 100 3:2 50 180 5
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Figure 4-5. SEM images of the obtained (a) entry 1 and (b) entry 2. (c) XRD patterns of the
entry 1 (blue line) and entry 2 (red line).
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Next, the precursor aqueous solutions with different concentrations of Ti(O'Pr)s and
squaric acid were tested (entries 2-10 in Table 4-1). In the case of a precursor aqueous solutions
with 1 : 1 molar ratio of Ti(O'Pr)s and squaric acid were used (entries 2-5 in Table 4-1), urchin-
like nanocrystals (Figure 4—6a) and hexagonal plates (Figure 4-6d) were obtained from low
(entry 2 in Table 4-1) and high (entry 5 in Table 4-1) concentrations of the precursor,
respectively. At medium concentrations, both of these particles were obtained (entries 3 and 4
in Table 41, Figures 4-6b and c). XRD patterns of the obtained hexagonal plates were totally
different from the known crystal phases of TiO; (Figure 4—6¢, purple line). On the other hand,
XRD patterns of urchin-like nanocrystals demonstrated the presence of a rutile-type TiO2 phase
(Figure 4—6e, red line). In addition, hexagonal plates were obtained even when using precursor
aqueous solutions with 1 : 2 and 1 : 4 molar ratio of Ti(O'Pr)s and squaric acid (entries 7 and 8

in Table 4-1, Figure 4-7).
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Figure 4-6. SEM images of the obtained (a) entry 2, (b) entry 3, (¢) entry 4, and (d) entry 5. (e)
XRD patterns of entry 2 (red line), entry 3 (green line), entry 4 (blue line), and entry 5 (purple
line). The 26 range; (i) 5-90 ° and (ii) 22-32 ° (orange, (110) plane of rutile-type TiO>).
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Figure 4-7. SEM images of the obtained (a) entry 6, (b) entry 7, and (c) entry 8. (d) XRD
patterns of entry 6 (red line), entry 7 (green line), and entry 8 (blue line).
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Heating of a aqueous solution of Ti(OiPr)s (50 mmol/L) and squaric acid (200 mmol/L)
at 120 °C for 72 h afforded hexagonal plates (entry 9 in Table 4—1, Figure 4-8a). The obtained
particle diameter and thickness were ca. 670 nm and ca. 320 nm, respectively. XRD patterns of
the obtained hexagonal plates were totally different from the know crystal phases of TiO, Ti-
based MOF,*~?7 and squarate-based MOF (Figures 4—-8b and 4-9). 17182831 The IR spectra of
the hexagonal plates exhibits characteristic bands of the squarate moiety (Figure 4-8c). The
peak around 1542 cm™* can likely be assigned to v(CO)/V(CC) combination vibrations of the
C404* ligand.*** In addition, TG analysis of the hexagonal plates demonstrates weight-loss
of approximately 40% in the temperature range from 300 to 400 °C, indicating the inclusion of
organic materials (Figure 4-8d). These results strongly suggest that the hexagonal plates are a

new MOF consisting of titanium ions and squarate ligands.
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Figure 4-8. (a) SEM image, (b) XRD patterns, (¢) FT-IR spectrum, and (d) TG profiles of the

obtained hexagonal plates.
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Figure 4-9. XRD patterns of squarate-based MOFs.
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To investigate the formation process of the obtained urchin-like TiO2 nanocrystals, time-
dependent experiments were performed. When the heating time of the precursor solution was
shortened to 0.5 h, two kinds of colored particles, orange and beige, were obtained (entry 10 in
Table 4-1, Figure 4-10a). The two kinds of particles were separated by the difference in
sedimentation velocity. The beige particles formed a spherical shapes (Figure 4-10c), but the
orange particles did not (Figure 4-10d). The XRD patterns showed that the orange particles
were consisted of anatase-type TiOz (Figure 4-10b, blue line). Thus, it was found that
nanocrystals of anatase-type TiO2> were also produced at the initial stage of the reaction. When
the heating time of the precursor solution was prolonged to 3 h, the particle diameter changed
from 230 to 400 nm (Figures 4—11a and b). In addition, the XRD patterns showed that the (002)
planes were grown dramatically (Table 4-2, Figures 4—11¢). The high-resolution TEM (HR-
TEM) image for the obtained urchin-like TiO. nanocrystals showed that the crystal lattice
distances were 0.25 nm (Figures 4-11d). The plane spacing with a width of 0.25 nm
corresponds to the (101) planes and is inclined to the growth direction of <001> at a 57 ° angle
approximately.®® HR-TEM image indicated that the direction of needle growth was along the
[001] facet. The urchin-like TiO2 nanocrystals showed a high specific surface area (94 m?/g,

Figure 4-12).
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Table 4-2. Crystalline size of urchin-like TiO2 nanocrystals.

Crystalline size? [nm]

Crystal face

Entry 2 Entry 10 Increased amount
(110) 3.2 8.0 4.8
(101) 14.1 18.2 4.1
(002) 15.3 37.6 22.3

2 Estimated using the Scherrer equation.
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Figure 4-11. SEM images of the obtained (a) entry 10 and (b) entry 2. (c) TEM image and (d)
HR-TEM image of entry 2. (e) XRD patterns of entry 2 (red line) and entry 10 (blue line).
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Figure 4-12. Nitrogen adsorption-desorption isotherms of entry 2.

By increasing the molar ration of Ti(O'Pr)4 to squaric acid, particles containing only
rutile-type TiO. were obtained even when the concentration of the precursor was high. By the
use of this procedure, it is possible to obtain over 500 mg of urchin-like TiO2 nanocrystals in
one reaction. Compared to the urchin-like TiO2 nanocrystals obtained so far (entry 2), the

density of needles decreased and the specific surface area increased from 94 to 122 m?/g (Figure

4-13).
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Figure 4-13. SEM images of the obtained urchin-like TiO2 nanocrystals at (a) low
magnification and (b) high magnification. (¢) XRD patterns and (d) nitrogen adsorption-
desorption isotherms of the obtained urchin-like TiO2 nanocrystals.
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4-3-2. Evaluation of catalytic ability of Ru/TiO-

CO2 methanation, so called Sabatier reaction, produces fossilfuel methane from CO..
CO. methanation have attracted much attention as it provides an alternative to renewable
electricity storage and is an essential part of the power-to-gas process that promotes industrial
decarbonization.3¢-*°

CO, + 4H, —» CH, + 4H,0,  AH,95x = —165 kJ/mol

The combination of Ru as a catalytic metal and TiO: as a catalytic support is useful as a
high activity catalyst for low-temperature methanation reaction.*®** Activity of Ru/TiO;
methanation catalysts strongly depends on its support structure.**=4¢ According to the
crystallography studies, RuO> possesses not only the same crystalline structure to rutile-type
TiO, but also has a high degree of lattice matching with rutile-type TiO2 owing to their close
lattice parameters. Therefore, strong interaction between RuO2 and TiO> can promote the
dispersion of RuO2 nanoparticles on the TiO> support to a great extent and it can prevent
aggregation of RuO. nanoparticles. Ru/TiO> catalysts with Ru amount of 2 wt% were prepared
by wet impregnation method using the obtained urchin-like rutile-type TiO2 nanocrystals (Ru/u-
TiO2, Figure 4-14). Actually CO2 methanation using Ru/u-TiO2 as a catalyst showed better
performance than the reference standard catalyst, Ru/JRC-TIO-16 (Figure 4-15). The
activation energies of the catalysts were obtained by scanning the catalytic activities from 100
to 200 °C, and were found to be 61.9 and 61.3 kJ/mol, for Ru/u-TiO, and Ru/JRC-TIO-16,
respectively (Figure 4-16). Similar values of activation energies between Ru/u-TiO. and
Ru/JRC-TI0-16 are found suggests that the active species are the same in all the catalysts. The
higher catalytic activity of Ru/u-TiO, compared to Ru/JRC-TI10-16 can therefore be attributed
to a greater number of active sites. To obtain direct evidence for Ru dispersion on the TiO>

supports, quantitative evaluation was performed by CO-pulse experiment (Figure 4—17). The
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Ru dispersion of Ru/u-TiO2 and Ru/JRC-TIO-16 were 11.8% and 3.0%, respectively. Thus,
Ru/u-TiO> obtained by hydrothermal synthesis using squaric acid resulted in highly efficient
dispersion of Ru and acceleration of the CO2 methanation. In addition, by increasing the amount
of Ru supported to 5 wt%, the CH4 yield of CO2 methanation at 200 °C using Ru/u-TiO2 was

approximately twice (Figure 4—18).

Figure 4-14. HAADF-STEM/EDX analysis of the prepared Ru/u-TiO: at (a) low magnification
and (b) high magnification; (i) HAADF-STEM image and (ii) Ru mapping image.
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Figure 4-15. CH4 yield obtained at different reaction temperature of CO2 methanation using
Ru/u-TiO2 (red line) and Ru/JRC-TI0-16 (blue line).
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Figure 4-16. Arrhenius plots of CO2 methanation using Ru/u-TiOz (red line) and Ru/JRC-TI10O-
16 (blue line).
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Figure 4-17. CO chemical adsorptions of (a) Ru/u-TiOz and (b) Ru/JRC-TIO-16.
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4—4. Conclusions

A new Ti-based nanocrystals were successfully synthesized by a hydrothermal reaction
from Ti(O'Pr)4 and squaric acid in water at 150 °C. The crystal structure of the product can be
tuned by adjusting the concentration of squaric acid. In particular, the obtained urchin-like
rutile-type TiO2 nanocrystals showed a high specific surface area. The use of Ru/TiO; catalyst
prepared from the urchin-like rutile-type TiO. nanocrystals afforded higher activity in CO>

methanation reaction than that of the reference standard catalyst.
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Conclusions

In conclusion, | have developed a new synthetic method of porous nanomaterials with precisely
controlled crystal structure by solvothermal/hydrothermal reaction. Submicron-sized Nb2Os
porous spheres with a high specific surface area and nano concave—convex surfaces were
synthesized via a rapid one-pot single-step alcothermal reaction. A similar alcothermal reaction
yielded TiO>—Nb2Os composite porous spheres, whose Ti : Nb molar ratio was controlled by
changing the precursor solution component ratios. A two-step synthetic approach for the
generation of TiNb2O7 porous spheres was developed via an alcothermal treatment followed by
simple calcination. Ultrafine TiO2 nanocrystals were synthesized by rapid heating solvothermal
method using liquid mixtures of titanium alkoxide and oleic acid as precursor solutions. Also,
ultrafine TiO2 nanocrystals were easily converted into porous TiO> thin layer transparent film
through drop-casting and calcination process. Hydrothermal synthesis of urchin-like TiO;
nanocrystals with rutile crystal phase was studied using squaric acid. Ru/u-TiO2 obtained by
hydrothermal synthesis using squaric acid resulted in highly efficient dispersion of Ru and

acceleration of CO» methanation reaction.
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