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ABSTRACT

TiO2 nanoparticle assemblies as a promising material used in a wide area of applications
have been synthesized by the previously reported one-pot single-step solvothermal reaction.
Besides previously synthesized spherical nanoparticle assemblies named micro/mesoporously
architected roundly integrated metal oxide (MARIMO), the current study revealed a successfull
synthesis of a novel TiO2 nanoparticle assemblies with three-dimensionally branched
nanostructure named “cheek-brush”. Their growth mechanism and applications as a crosslinker to
improve mechanical strength of a poly(N-isopropylacrylamide) hydrogel have been proposed.
Dimethyl phthalate is a key material controlling the brush morphology in the solvothermal
treatment of a titanium tetraisopropoxide in methanol. Standing of the precursor mixture (20 min),
heating rate (5-6 °C/min), final reaction temperature (300 °C), and holding time at the final

temperature (10 min) are crucial for the formation of cheek-brush morphology.

A surface activation was confirmed by facile treatment using helium atmospheric pressure
plasma jet (APPJ) on TiO2 MARIMOs, of which photocatalytic activities were significantly
improved without any damage in morphology and surface properties by the treatment. A
cylindrical dielectric barrier discharge system was used to treat the catalysts. After treatment under
appropriate conditions depending on working distance and treatment time, SEM images and XRD
patterns showed that the treated samples completely retained their original morphologies and
crystalline patterns, respectively. Quantitative analyses of contaminants were executed using
surface assisted laser desorption ionization (SALDI) mass spectroscopy technique, where the mass
spectra of the assemblies revealed that almost all peaks observed in as-prepared samples were

disappeared after the plasma treatments.
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A surface modification by depositing nano-sized noble metal catalysts on TiO> was studied.
The Au catalyst on different kinds of TiO> supports (MARIMO, ST-01, and P25) were prepared
by a conventional deposition-precipitation method. TEM and HAADF-STEM images of the
obtained Au/TiO; catalysts clearly indicate the excellent dispersion ability of Au nanoparticles on
the unique surface roughness of MARIMO derived from their fine primary particles. Extremely
exothermic CO oxidation was performed as a probe reaction using the prepared Au/TiO; as
catalysts. CO conversions shows high activity of AU/MARIMO even at lower temperatures as
compared to those of other kinds of support. Stabilities and durabilities of the catalysts were
confirm by CO conversions from 10 cycle of high (140 °C) and low temperature (0°C) CO

oxidations, alternatively.
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CHAPTERI

General Introduction:

Motivation and Obijective

Nanoparticles are defined as small particles with size ranging from 1 to 100 nm. Since all
of the nanoparticles are surrounded by interfacial layer, they exhibit totally different physical and
chemical properties as well as reactivities as compared to those of bulk materials. One of the
attractive properties of nanoparticles is their large surface area (Figure 1-1), which is advantageous
especially for catalysts and absorbents. On the other hand, several characteristics of nanoparticles
would be both benefit and constraint. Most typical one is agglomeration of the nanoparticles,
which commonly occurs due to their interaction between their interfacial layers. The
agglomeration can be a benefit, if it is controllable, otherwise it would be shortcoming leading to

deactivation of the surface of the nanoparticles.

>

Size decrease

Surface: 32x 6 = 54 Surface: 22x 6 = 24 Surface: 12x 6 =6
Volume: 3% = 27 Volume: 23=8 Volume: 13=1
Surface-volume ratio = 2 Surface-volume ratio = 3 Surface-volume ratfio = 6

Figure 1-1. Schematic illustration of a relationship between surface area and size of material.

On the other hand, TiO> or titanium(IV) oxide is well known as one of the promising
functional materials. It is a white solid inorganic material being used as a white pigment, an
opacifier, and a UV resistant agent due to its attractive light-scattering and absorption properties
depending on the range of light. Further studies on TiO2 extended the use of it to wide range of

applications due to its unique properties, such as transparency to visible light, high refractive index,
1



low light absorption coefficient, and capability of photocatalytic degradation of organic materials.
A breakthrough moment of TiO> studies was when TiO> electrode was found to be an effective
photocatalyst in water decomposition in 1972 by Fujishima et al.l! The excellent property
influences much attention on the synthesis of TiO2 nanoparticles and tremendous amounts of basic

researches as well as practical applications of TiO2 have been done.

For TiO2 nanoparticles, they exhibit quite different properties as compared to those of bulk
one, for example significant low melting point, optical property change, quantum confinement
effect, chemical activity increase, less probability for defects and residual stress, and conductivity
change. Their characteristic properties can be adjusted by their particle sizes and structures derived
from different preparation methods. Therefore, the preparation methods of TiO2 nanoparticles have
been focused in numerous researches.>12l The methods can be divided into two categories, one is
bottom-up and the other is top-down approach. Physical or chemical approaches correspond to
them, respectively, where milling, evaporation and quenching, sputtering deposition, and laser
ablation are considered as examples for the former approaches, while chemical approaches

correspond to the result of chemical reactions.

Focusing on chemical approaches to obtain TiO2 nanoparticles, many methods such as
common sol-gel processes, co-precipitation methods, conventional hydrothermal/solvothermal
reactions, and chemical vapor deposition have been reported. Among these methods, sol-gel
processes are most widely used as they are simple and suitable for large-scale production without
complication. However, the method regularly requires calcination step under high temperature
conditions to dehydrate the obtained gel of Ti(OH)a. In the same way, the simplest method of co-

precipitation usually requires multi-step reaction with long reaction time.



Relevant methods should be considered to produce nanoparticles with desired properties,
since different preparation methods result in different morphologies and properties of TiO-
nanoparticles. As previously mentioned, one of the constraints character of nanoparticles is the
agglomeration. For an example, relatively large size particles are preferred in the application of
TiO2 in photo-anode of dye-sensitized solar cells (DSCs), since the nanoparticles generally have
weak light scattering property in the region of visible light wavelength. However, larger size
particles suitable for better scattering have comparatively low surface area, which limits the dye-
loading amount leading to low efficiency of DSCs. The controllable agglomerates or assemblies
of nanoparticles show essential properties of primary particles such as their large surface area and
uniformity. In the same time, the nanoparticle assemblies usually contain porous structures without
aggregation, which results in a great stability, ease of handling, and an ability to have various
chemical functionalities on the surface. Therefore, the preparation of uniform size of agglomerates
is preferred to eliminate the disadvantages of the uncontrollable agglomeration. Accordingly,
preparation of the uniform size of TiO2 nanoparticle assemblies/agglomerates are obtained by

several methods such as evaporation, polymer-assisted sol-gel, and solvothermal methods. 32!

Concerning on hydrothermal/solvothermal reactions, several approaches; mainly the use
of a template/surfactant as shown in Figure 1-2, have been applied to control the morphology of
TiO products. For example, TiO2 nanoparticle assemblies with hierarchical morphology were
yielded by template/surfactant-assisted hydrothermal processes promoted the performance of solar

cells with high efficiency.6-2%]
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Figure 1-2. Scheme illustrated examples of controlled morphology of inorganic materials using

template-assisted method.

For common solvothermal methods yielding metal oxide nanoparticles, precursor solutions
containing metal sources, appropriate solvents, and additives such as organic acid and surfactants,
are heated to high temperature and high pressure, where different nucleation and condensation
mechanisms of metal oxide nanostructures were reported. As a result, tunable surface property and
morphology can be achieved. However, longer reaction time reaching several days required in

conventional solvothermal reactions are a crucial issue to be solved to synthesize nanoparticle

assemblies.



Meanwhile, Wang P. et al. reported a successful one-pot single-step solvothermal reaction
to prepare mesoporous nanoparticle assemblies of TiO2 as shown in Figure 1-3.1221 The preparation
method affording anatase TiO> nanoparticle assemblies is totally easy and the reaction was
performed under usual solvothermal temperature of around 300 °C. Also, a process scale-up can
be achieved by using continuous reactors. The technique under adequate conditions can easily
control the product morphology by adjusting reaction parameters such as precursor solutions,
heating rates, and reaction temperatures. A crystallinity of the resulted TiO> can be controlled by
heating rate to obtain amorphous and anatase TiOz, respectively. Importantly, the TiO, assemblies
are found as almost perfect spherical nanoparticle assemblies with fine primary particles of which
the average size is less than 5 nm, and high surface area (>200 m2/g) with mesopores in their

structures resulting in the unique surface structure and properties.

rapid heating 400°C -
W 8 °'(? solid TiO, solid TiO, hollowTiO,
o"’”»‘l//,,
R_c/ /OH OH OH OH,;:,<,/,//A,0
N\
[ o 7 C—R
UINOH OH OH OHy, —,
< %20,
S, 7,
%. 200
Me, H, or & 8’9((:6’@
‘e 300°C
—_—
Ti(OPr),
+ slow heating
MeOH . .
e+ amorphous thickness controllable hollow TiO,
Additives

Ostwald ripening

*SUS-316 stainless steel
tubular reactor (10 mL)

Figure 1-3. Solvothermal preparation of TiO. spherical nanoparticle assemblies: conditions and

plausible mechanism.[%



Since morphologies of materials can be defined by their surface structures. Both of the
morphology and surface properties play main roles in designing material applications, especially
for nano-scale materials, therefore, understanding and controlling of material surface and
morphology are necessary. In addition, surface improvement of nanoparticle assembly can be
further conducted as a post-treatment step, which the desired specific character can be achieved
directly. Different kinds of post-treatments have been reported such as chemical treatment or high
temperature treatment for contaminant removal, surface modification by functional group coating

to improve hydrophobic property.132°]

Despite the fact that spherical nanoparticle assembly of TiO2 with a mesoporous structure
is one of the most promising functional materials, the creation of dimensionally controlled
inorganic nanomaterial is one of the interesting challenges in the field of material science, since
the controlled morphology can be further considered to design an application of each prepared
nanomaterials. From nanocrystals to nanoparticle assemblies, several type of organic additives
have been used to control the morphology of TiO2 synthesized by solvothermal methods as
reported in many publications. Sun W. et al. reported a coordination effect of acetic acid and N,N-
dimethylformamide controlling size and shape in nanocrystal scale of anatase TiO, nanoplates.[?®]
The importance of hydrolysis and nucleation rate control was reported by Cheng H. et al, which
showed the assistance of urea via Ostwald ripening in the preparation of TiO2 core-shell spherical
nanoparticle, instead of using only H.O> to obtain microsphere TiO2.[1 The current study revealed
a successful synthesis of a novel type of TiO2 nanoparticle assemblies with three-dimensionally
branched nanostructure by the use of ester additives to control the morphology of product in the

mentioned tunable solvothermal method.



A post treatment of as-prepared materials should be well considered to emerge their
intrinsic performance of the materials. Then, a selection and adjustment of surface treatment
technique and conditions could be also explored through a greater amount of applications of the
TiO2 nanoparticle assemblies. The objective of surface treatment can be as followed, to cover, to
alter the surface, and to remove contaminants on the surface of the materials. For the surface
contaminant removal of porous materials, several methods such as chemical treatment or wet
cleaning, thermal treatment, ozone, and UV light treatment were employed based on the type of
contaminants and the core materials.[3! The easiest and widely used thermal treatment usually
causes sintering of the nanoparticles to reduce their surface areas, while ozone diffusion and UV
light penetration could remove contaminants only from the surface of the porous materials.

Therefore, non-thermal much effective methods are strongly desired.

Atmospheric pressure plasma jet (APPJ) technique is considered as an alternative choice
for contaminants removal from nanoparticle surface as well as surface activation. Helium APP]J,
generation, which requires non-severe conditions of high temperature and high vacuum with
complex system, can be used in a wide range of applications. The optimization of the treatment
conditions is crucial for the treatment of mesoporous nanostructure materials, where their
structures are usually fragile and the pore structures can be easily collapsed. Moreover, the plasma
contains positive ions and free electrons, which are reactive species capable of oxidizing
contaminants that deactivate active sites of catalysts. Therefore, the synthesized spherical
nanoparticle assemblies of TiO2 can be expected to show their photocatalytic activity enhancement

by this helium APPJ treatment without any deconstruction of their morphology.



Another interesting surface treatment of metal oxides is a surface modification by
depositing nano-sized noble metal catalysts on their surface, particularly the use of metal oxides
as catalyst supports. As mentioned earlier, TiO2 has been widely used as a catalyst support due to
its high physical and chemical stability. Specially, the spherical nanoparticle assemblies of TiO>
possess fine primary particles of which the average size is less than 5 nm, and high surface area
with mesopores in their structures. The assemblies have unique surface roughness originated from
their fine primary particles resulting in plausibly high surface defects, which are expected to
disperse metal nanoparticle well. Among a numerous amount of researches mentioned, one of the
most serious deactivation factors of catalysts is sintering. A major cause of the sintering is a
nanoparticle migration, which is commonly occurred at high temperature due to an increase of the
catalyst mobility, leading to the growth into large particles and the decrease of active sites on the
catalysts. To prevent the sintering, confinement of catalyst nanoparticles by support materials is
considered as one of the strategies. On the other hand, good-dispersion and strong interaction of
metal catalyst on the support are crucial factors to prevent the sintering. From these strategies, the
support has been focused as one of the important factor as reported in several researches to design
a stable catalyst. Here, a hypothesis of using nanoparticle assemblies TiO» with nanoscale concave-
convex surface structure as an effective and stable catalyst support to prevent the thermal catalyst

sintering is proposed.

From this angle, the overall goal of these researches is to synthesize the morphology
controllable of highly active TiO2 nanoparticle assemblies using the simple one-pot single-step

solvothermal reaction.



Scope

This study manifests the synthesis and application of the morphology controlled of TiO>
nanoparticle assemblies with totally unique three-dimensionally branched nanostructure, affording
the enhancement of mechanical strength on nanocomposite polymer hydrogel, demonstrated by
adjusting the solvothermal reaction conditions in the preparation of spherical morphology of TiO-
nanoparticle assemblies. Also, surface treatments of the solvothermally prepared TiO: spherical
nanoparticle assemblies were studied. A facile treatment without damage on morphology and
surface properties of TiO2 by atmospheric pressure plasma treatment was studied to enhance the
ability of the synthesized TiO; as a highly active photocatalyst since TiOz is well known for its
photocatalytic activity. Besides, a surface modification by Au metal catalyst deposition on the
prepared TiO> spherical nanoparticle assembly was studied to understand the advantage of the
TiO: spherical nanoparticle assemblies with unique surface comparing to other common TiO>
supports. Their catalytic activity was studied through CO oxidation reaction as a probe reaction.

Furthermore, the TiO2 support stability was also investigated.

Dissertation outline

This dissertation is divided into five chapters. The first chapter describes a general
introduction of the research containing motivation and objective, scope, and dissertation outline.
Chapter Il explains a synthesis of TiO2 with novel morphology and its polymer nanocomposite
application focusing on the assemblies’ unique three-dimensionally branched nanostructure.
Chapter 111 discusses surface treatment of TiO2 spherical nanoparticle assemblies by APPJ and

their photocatalytic activity enhancement. Chapter IV describes the use of TiO2 spherical
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nanoparticle assemblies as effective supports for Au nanoparticle catalyst in a probe reaction of

CO oxidation, followed by Chapter V; the last chapter, which concludes the results and gives some

recommendations for future works.
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CHAPTER I

A Novel Three-dimensionally Branched TiO> with Cheek-brush Morphology

and its Application in an Improvement of Hydrogel Polymer Strength

2.1 Introduction

Dimensionally controlled inorganic nanomaterials have been paid much attention in
material science for both of their synthesis and application. In particular, a nanoscale branched
structure providing high surface area improves surface adsorption and adhesion, which facilitates
strong interaction to molecules, polymers, biomaterials, and so on. For example, such inorganic
materials have significant attention as a crosslinker to create mechanically stable polymer
hydrogels. They are key materials to improve physical and mechanical strength of polymers, since
they connect polymer chains each other to enhance the mechanical stability of polymer network.!-
TRole of the crosslinkers is considerably essential in the field of polymer hydrogels. Typically,
these polymer hydrogels consist of a polymer networks and a large amount of water, where water
is weakly fixed into polymer networks. In this context, many types of crosslinkers, both organic
and inorganic, have been developed.’®1% One of the most interesting crosslinkers used in polymer
hydrogels is clay nanosheets, because their wide flat surface structures enable strong interactions
between the clay nanosheet surface and polymer chains at their interface.[**'7] Clay nanosheets
can also be used to construct house-of-cards structures consisting of clay platelets by ionic
interactions between their faces and edges, as reported for the preparation of a nanocomposite
hydrogel composed of poly(N-isopropyl-acrylamide) and clay.[*®'°1  One-dimensional

15



nanomaterials such as nanorods, nanofibers, and nanotubes have also been studied for the
preparation of attapulgite/poly(acrylic acid), carbon nanotube fillers in gellan gum hydrogels, and
ultra-high-molecular weight polyethylene fibers in poly(vinyl alcohol).[20-22]

Among many kinds of crosslinkers, TiO> nanoparticles also have been used in many
polymer nanocomposites including polymer hydrogels.[?>3% However, Haraguchi et al. used TiO2
nanoparticles as a filler in the preparation of polyacrylamide/poly(N-isopropylacrylamide)
copolymer hydrogels, then they found that the spherical nanosized TiO> did not act as a crosslinker,
instead dispersed uniformly.[*®l Recently, Ishida and Aida et al. introduced a new concept in
hydrogel chemistry by using two-dimensional TiO2 nanosheets.B1% Thus, the hydrogel
performance is significantly affected by surface nanostructure of crosslinkers. In other words,
polymer composite hydrogels can be used as a new tool to evaluate surface properties of the higher-
ordered TiO2 nanoparticle assemblies though their mechanical strength.

Previously, the successful synthesis of porous spherical TiO2 nanoparticle assemblies with
large surface areas using an original, simple, one-pot, single-step, and template-free preparation
method was reported, involving heating a homogeneous precursor methanol solution of titanium
tetraisopropoxide, as a titanium source, and phthalic acid, as an additive, to 300 °C (Figure 2-1).134
Solid and hollow structure can be easily controlled by tuning reaction conditions such as heating
rate. This type of porous spherical metal oxide was named as a MARIMO nanoparticle assembly;
the acronym is derived from micro/mesoporously architected roundly integrated metal oxide
(Figure 2-2a). Because of the high reaction temperature, dimethyl phthalate could be generated in
the reaction mixture (Figure 2-1), and that the generated ester could be a key material in the
formation of MARIMO morphologies. Therefore, the additive in the precursor solution was

changed from phthalic acid to dimethyl phthalate to clarify the effect of the ester.
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COOH
Ti(O'Pr), + + MeOH ————
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COOH

30;:;\\ COOMe
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Figure 2-1. Solvothermal synthesis of TiO> spherical nanoparticle assemblies.

Then, similar solvothermal treatment of a mixture of titanium tetraisopropoxide and dimethyl
phthalate in methanol serendipitously gave a completely different morphology, affording high-
order structure of TiO2 assemblies with nanofiber bundles morphology (Figure 2-2b). The particle
assemblies were named "cheek-brush™ nanofiber bundles because their morphologies resemble

makeup brushes.

100 nm

Figure 2-2. TEM images of TiO> with MARIMO assemblies (a) and cheek-brush assemblies (b).
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In this chapter, an exhaustive study on the reaction conditions to yield the cheek-brush
morphology of TiO2 nanofiber bundles and an evaluation of the unique surface nanostructure

through mechanical tensile strength of polymer hydrogels are discussed.

2.2 Experiment

2.2.1 Materials

Methanol, ethyl acetate, titanium tetraisopropoxide, titanium tetra-n-butoxide, dimethyl
phthalate, diethyl phthalate, di-n-butyl phthalate, di-n-octyl phthalate, methyl benzoate, N-
isopropylacrylamide, N,N,N',N'-tetramethylethylenediamine, and potassium peroxodisulfate were
purchased from the Wako Pure Chemical Industries Co., Ltd. and were used as received. Reverse

osmosis water was used throughout the experiments.

2.2.2 Preparation of cheek-brush assemblies of TiO,

Cheek-brush nanofiber assemblies of TiO, were prepared using a previously reported
method.4 Precursor solutions containing 0.5 mol/L organic additives were prepared by mixing
an aliquot of the additive with methanol (3.5 mL) using a VVortex mixer, followed by addition of
titanium tetraisopropoxide (105 pL, 0.353 mmol). The precursor solution was transferred to an
SUS-316 stainless-steel tubular reactor of inner volume 10 mL. The reactor was sealed with a
screw cap and left to stand at room temperature for 20 min. It was heated at a rate of 5.4 °C/min

to 300 °C; the temperature was maintained for 10 min. The reaction was quenched by putting the
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reactor in an ice-water bucket. The obtained mixture was centrifuged and washed with methanol,
the procedure was repeated three times. The final suspended mixture was completely dried under

vacuum and a powdery product was obtained.

2.2.3 Nanoparticle assembly characterizations

The morphologies of the obtained particles were observed using scanning electron
microscopy (SEM; JEOL JSM-7300F) and transmission electron microscopy (TEM; JEOL JEM-
2100F). The product particle sizes were calculated from the images. The crystalline phase was
identified using X-ray diffraction (XRD; Cu Ka radiation, Rigaku SmartLab). Mass spectra of the
precursor solutions were obtained using electrospray ionization mass spectrometry (ESI-MS; AB

Sciex Triple TOF 4600).

2.2.4 Preparation of hydrogels and mechanical strength measurements

Hydrogels were prepared using a modified version of a previously reported method for the
synthesis of hydrogels consisting of poly(N-isopropylacrylamide) and clay.*?! The crosslinker
nanoparticles were dispersed in water with Nz bubbling (0.02wt%), and then N-
isopropylacrylamide was added to the solution (20wt%). The mixture was stirred for 30 min and
then potassium persulfate and N,N,N’,N'-tetramethylethylenediamine were added. The mixture was
carefully transferred to glass tubes of inner diameter 1.0 cm. The upper dead volume in the tubes
was purged with N2 and the tubes were closed tightly with screw caps. After 72 h, the glass tube
was cut and the polymer hydrogel was removed. Hydrogel rods of diameter 1.0 cm and length 3.0

cm were used for mechanical strength measurements. A tensile force was applied to the specimens
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in the axial direction, and the deformation length of the hydrogel and the applied force were

measured using a tensile tester (Shimadzu EZ Test).

2.3 Result and Discussion

2.3.1 Synthesis of cheek-brush assemblies of TiO,

The procedure for the synthesis of cheek-brush TiO2 assemblies was simple. A precursor
mixture of titanium tetraisopropoxide, dimethyl phthalate, and methanol was heated to 300 °C
under solvothermal conditions. However, when the reactions were repeated, sometimes a perfect
cheek-brush morphology was achieved, but sometimes not, even under similar conditions. The
reproducibility of the cheek-brush morphology formation was therefore erratic. Each procedure
was checked thoroughly, including preparation of the precursor mixture, heating process,

concentration of the materials, and molar ratios of the reagents, individually.

2.3.1.1 Effect of standing period of precursor mixture

Standing period means a step that the precursor was kept stand for a while after titanium
source was added (Figure 2-3a). When the mixture was left to stand for 20 min at room temperature
before heating (heating rate, 5.4 °C/min; final temperature, 300°C; and holding time at final
temperature, 10 min), TiO, assemblies with a perfect cheek-brush morphology were obtained
(Figure 2-3Db, i). However, without standing before heating, urchin-shaped assemblies with short
needles were obtained (Figure 2-3Db, ii). Mechanical stirring or mixing of the precursor mixture

instead of standing gave urchin-shaped rather than cheek-brush assemblies, suggesting that there
20



might be weak interactions between the components. These results indicate that the formation of
higher-ordered assemblies connected through weak interactions could be a key factor in obtaining

TiO assemblies with a cheek-brush morphology.

»
»

300 °C, holding 10 min 300 °C, holding 10 min

=

Temperature

(a)

b) o ¥ - s

Figure 2-3. (a) Schematic illustration of experimental path after the preparation of precursor
mixture and (b) TEM images of TiO2 assemblies obtained from precursor solution consisting of
0.1 mol/L titanium tetraisopropoxide and 0.5 mol/L dimethyl phthalate in methanol with (i) 20

min standing period and (ii) without standing period at room temperature before heating.

The precursor mixture was studied using ESI-MS to clarify what happens during standing

(Figure 2-4 and 2-5). When titanium tetraisopropoxide and dimethyl benzoate were mixed in
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methanol, several peaks were observed in the 1000 (m/z) region using ESI-MS in positive-ion

mode. The peak at 989 mass units can be ascribed to a cluster peak consisting of five titanium

tetramethoxide molecules, four methanol molecules, and one proton. The peak at 1021 mass units

can be ascribed to a cluster peak consisting of five titanium tetramethoxide molecules, five

methanol molecules, and one proton. The formation of titanium tetramethoxide in the precursor

mixture is reasonable, because slow transesterification between titanium tetraisopropoxide and

methanol can occur to yield the corresponding titanium tetramethoxide with less-bulky methyl

groups.Bd

(b)
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Figure 2-4. ESI-MS spectra obtained from precursor solution consisting of 0.1 mol/L titanium

tetraisopropoxide and 0.5 mol/L dimethyl phthalate in methanol with (a) 20 min standing period

and (b) without standing period at room temperature before heating.
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Figure 2-5. ESI mass spectra of precursor solutions prepared from 0.1 mol/L of titanium
tetraisopropoxide and 0.5 mol/L of dimethyl phthalate in 3.5 mL of methanol with standing period

20 min.

Moreover, in the previously reported procedure for the preparation of MARIMO TiO, a
precursor mixture consisting of titanium tetraisopropoxide, phthalic acid, and methanol gave a
transparent solution, as shown in Figure 2-6a.41 However, the use of dimethyl phthalate instead
of phthalic acid resulted in a white turbid dispersion, as shown in Figure 2-6b. The white dispersion
was not dissolved in methanol, and could be a high-molecular weight associate generated in the
mixture. After several minutes, the turbidity increased in accordance with the formation of titanium
tetramethoxide. Additionally, other kinds of ester were also studied as additives and the ESI-MS
results of the precursor solutions using different types additives are shown in Figure 2-7

confirming the possibility of the complex formation.
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Figure 2-6. Photographs of precursor solutions containing titanium tetraisopropoxide, methanol,

and (a) phthalic acid and (b) dimethyl phthalate.
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Figure 2-7. ESI mass spectra of precursor solutions prepared from 0.1 mol/L of titanium
tetraisopropoxide and 0.5 mol/L of methyl benzoate (a), di-n-butyl phthalate (b), and di-n-octyl

phthalate in 3.5 mL of methanol with standing period 20 min.
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2.3.1.2 Effect of dimethyl phthalate concentration

The importance of dimethyl phthalate in the formation of a cheek-brush morphology was
confirmed by varying the dimethyl phthalate concentration in the range from 0.25 to 1.0 mol/L
(Figure 2-8). The other reaction conditions, i.e., concentration of titanium tetraisopropoxide,
heating rate, final temperature, and holding time at final temperature, were fixed at 0.1 mol/L,
5.4 °C/min, 300 °C, and 10 min, respectively. Assemblies of similar size, i.e., fiber length 1300
nm (calculation shown in Appendix A), with perfect brush needles were obtained with the use of
the precursor solution containing 0.5 and 0.75 mol/L dimethyl phthalate (Figure 2-8b, c). A low
concentration solution, 0.25 mol/L, also yielded a cheek-brush morphology, but the brushes were
not well formed and most of the assemblies were aggregated (Figure 2-8a). In the case of a high
concentration, 1.0 mol/L, the assembly morphology became urchin-like. Too low and too high
concentrations of the additive, therefore did not give perfect brush morphologies. These results
suggest that the appropriate pre-organized structures for the asymmetrical growth of cheek-brush

might be formed in the precursor solution with certain concentration of dimethyl phthalate.

R
Ay =

Figure 2-8. TEM images of TiO> assemblies obtained from precursor solutions with different

concentrations of dimethyl phthalate: (a) 0.25 mol/L, (b) 0.5 mol/L, (c) 0.75 mol/L, and (d) 1.0

mol/L.
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2.3.1.3 Effect of heating conditions

The effects of the heating conditions, i.e., heating rate, final temperature, and holding time
at the final temperature, were also examined. Figure 2-9a—c show TEM images of the products
obtained under different heating conditions. First, final temperature of 250, 275, and 300 °C were
set. The other reaction conditions, i.e., concentrations of titanium tetraisopropoxide and dimethyl
phthalate, heating rate, and holding time at the final temperature, were fixed at 0.1 mol/L, 0.5
mol/L, 5.4 °C/min, and 10 min, respectively. When the desired temperature was reached, the
reaction was quenched by putting the reactor in an ice-water bucket to give a holding time at the

final temperature of O min.

Figure 2-9. TEM images of TiO, assemblies heated at 5.4 °C/min (a) up to 250 °C and 0 min

holding, (b) up to 275 °C and 0 min holding, (c) up to 300 °C and 0 min holding, (d) up to 300 °C
and 5 min holding, (e) and (f) up to 300 °C and 10 min holding, (g) and (h) up to 300 °C and 60

min holding
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Figure 2-9a—c show that the assembly morphology changed from randomly aggregated
irregularly shaped particles to bundles of short fibers during heating, indicating that a high
temperature such as 300 °C is necessary for formation of a brush morphology. The holding time
at a final temperature of 300 °C is also an important factor (Figure 2-9d-h). The needles grew
gradually at the holding time until 10 min, but further heating at 300 °C resulted in shrinkage of

the brush needles and formation of tubular hollow structures.

"f‘.&

\ ’5?0nm )

R
200 nm |

Figure 2-10. SEM and TEM images of TiO assemblies obtained using different heating rates: (a)
2 °C/min, (b) 5.4 °C/min, (c) 10 °C/min, and (d) 500 °C/min ((i), SEM; (ii), TEM at low

magnification,; (iii), TEM at high magnification.
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Secondly, the effect of the heating rate on brush morphology formation was examined (Figure
2-10). The concentrations of titanium tetraisopropoxide and dimethyl phthalate were fixed at 0.1
and 0.5 mol/L, respectively. The final temperature and holding time were fixed at 300 °C and 10
min, respectively. Figure 2-10a shows that slow heating, at 2 °C/min, resulted in formation of tube-
shaped assemblies with short needles. The tube length was ca. 2 um and the width was ca. 900 nm.
Faster heating, i.e., at 10 and 500 °C/min, led to broken cheek-brush or urchin-like morphologies
with shorter needles (Figure 2-10c, d). A heating rate of 5.4 °C/min gave the ideal cheek-brush
morphology (Figure 2-10b).

The high-resolution TEM images in Figures 2-9f and 2-11 confirm that the brushes consist of
small single crystals of TiO2. The crystal structures of the assemblies obtained using different
heating rates were also investigated using XRD (Figure 2-12). All the assemblies consisted of
anatase phase TiO», but the broad diffraction peaks indicate that a fine and/or almost amorphous
anatase phase was obtained in the case of relatively rapid heating, i.e., at 10 °C/min. A series of
experimental results about heating conditions indicates that the growth of brush fiber transiently
occurred at the certain time period during the heating process. Moreover, the excessive heating of

cheek-brush leads to further crystallization with shrinking of the fiber structures.

Figure 2-11. HR-TEM of TiO> prepared from 300 °C, 10 min holding at final temperature with

heating rate of 5.4 °C/min (a) and 2 °C/min (b).
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Figure 2-12. XRD patterns of TiO2 assemblies obtained at heating rates of 2 °C/min, 5.4 °C/min,

and 10 °C/min.

2.3.1.4 Effect of aromatic ester additive

Other esters, i.e., methyl benzoate, diethyl phthalate, di-n-butyl phthalate, di-n-octyl
phthalate, and ethyl acetate, were used instead of dimethyl phthalate as the additive to clarify the
effect of the ester structure on the formation of a cheek-brush morphology (Figure 2-13). The other
experimental conditions, i.e., the concentrations of titanium tetraisopropoxide and esters, heating
rate, and holding time at the final temperature, were fixed at 0.1 mol/L, 0.5 mol/L, 5.4 °C/min,
300 °C, and 10 min, respectively. Methyl benzoate, which has only one ester bond, gave a well-
formed cheek-brush morphology (Figures 2-13a, 2-14), indicating that one ester bond is enough
to produce this morphology. A well-formed cheek-brush morphology was also obtained with

diethyl phthalate, which has one more methylene unit (Figures 2-13b, 2-15).
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Figure 2-13. TEM images of TiO> assemblies obtained using (a) methyl benzoate and titanium
tetraisopropoxide, (b) diethyl phthalate and titanium tetraisopropoxide, (c) dibutyl phthalate and
titanium tetraisopropoxide, (d) di-n-octyl phthalate and titanium tetraisopropoxide, (e) ethyl

acetate and titanium tetraisopropoxide, and (f) dimethyl phthalate and titanium tetra-n-butoxide.
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In contrast, dibutyl and di-n-octyl phthalates as additives, which have longer alkyl chains
as compared with above aromatic esters, gave urchin-like morphologies (Figures 2-13c, 2-13d, 2-
16, 2-17). These observation suggests that the bulkiness of the alkyl chain is one of the important

factors to control the growth of the length of brush structure.

Figure 2-14. TEM images of TiO> assemblies obtained from precursor solutions consiting of
methyl benzoate, titanium tetraisopropoxide, and methanol with heating rate 5.4 °C/min, 300 °C

final temperature and 10 min holding at final temperature.
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Figure 2-15. TEM images of TiO2 assemblies obtained from precursor solutions consiting of
diethyl phthalate, titanium tetraisopropoxide, and methanol with heating rate 5.4 °C/min, 300 °C

final temperature and 10 min holding at final temperature.

Figure 2-16. TEM images of TiO, assemblies obtained from precursor solutions consiting of di-
n-butyl phthalate, titanium tetraisopropoxide, and methanol with heating rate 5.4 °C/min, 300 °C

final temperature and 10 min holding at final temperature.
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Figure 2-17. TEM images of TiO assemblies obtained from precursor solutions consiting of di-
n-octyl phthalate, titanium tetraisopropoxide, and methanol with heating rate 5.4 °C/min, 300 °C

final temperature and 10 min holding at final temperature.

All the obtained assemblies contained needle-like crystals on the particle surface, regardless
of the aromatic ester used. However, ethyl acetate, which is an aliphatic ester, gave a micron-sized
sheet structure (Figures 2-13e, 2-18). This indicates the aromatic moiety in the ester compounds
affects the formation of needle-like structure.

Another titanium alkoxide, namely titanium tetra-n-butoxide, also gave a perfect cheek-brush
morphology (Figures 2-13f, 2-19), clearly indicating that the titanium alkoxide structure has

almost no effect on cheek-brush morphology formation.
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Figure 2-18. TEM images of TiO2 assemblies obtained from precursor solutions consiting of ethyl
acetate, titanium tetraisopropoxide, and methanol with heating rate 5.4 °C/min, 300 °C final

temperature and 10 min holding at final temperature.

Figure 2-19. TEM images of TiO2 assemblies obtained from precursor solutions consiting of
dimethyl phthalate, titanium tetrabutoxide, and methanol with heating rate 5.4 °C/min, 300 °C

final temperature and 10 min holding at final temperature.
34



2.3.2 Plausible mechanism of brush-like structure growth

As mentioned above, the critical conditions for cheek-brush morphology formation are i)
allowing the precursor mixture to stand for 20 min before heating, ii) a final heating temperature
of 300 °C, iii) a moderate heating rate of 5.4 °C/min, and iv) use of aromatic esters as additives.
Based on all the experimental results, a plausible mechanism for formation of TiO, assemblies
with a cheek-brush morphology is proposed, as shown in Figure 2-20. Judging from the periodic
brush structure observed in TEM and SEM images, the cheek-brush morphology is supposed to be
derived from an intermediate with striped structure consisted of titanium-rich phase and ester-rich
phase generated during the standing step. In order to support this hypothesis, as shown in Figure
2-4, ESI-MS spectra of the precursor solution indicate the intermediates complexes consisting of
several titanium tetramethoxide and methanol molecules. Thus, titanium-rich and ester-rich phases
are assumed to be arranged alternately and independently in the stripe-like structure. The origin of
the turbidity observed in the precursor mixture (Figure 2-5b) could be these clusters and/or cluster-
derived higher molecular weight materials. It is important that cheek-brush morphology formation

was never observed without an aromatic ester.

Intermediate complex
e [5Ti(OMe),+ 4MeOH + H] *
e [5Ti(OMe), + 5SMeOH + H] *

4 Growth direction 1

titanium-rich phase l

ester-rich phase f Ostwald ripening

Figure 2-20. Plausible formation mechanism.
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However, the same cluster peaks were observed for precursor mixtures with other aromatic esters
in ESI-MS spectra (Figure 2-7), suggesting that the aromatic ester did not directly affect the
formation of titanium tetramethoxide, but some soft architectures were formed between titanium
tetramethoxide and the aromatic ester in the precursor mixtures, which could be dissociated under
ESI-MS conditions. The stripe structure then grows in only one direction because of the prevention
of fiber growth at side by the ester-rich phase. After that, water generated by methanol
condensation under high-temperature conditions hydrolyses the titanium alkoxide to TiOa.
Pyrolysis of clusters under high-temperature solvothermal conditions can also produce TiO». The
ester-rich phase then dissolves in methanol to give a cheek-brush morphology with nanofiber
bundles. Further heating would induce Ostwald ripening to elongate the needles and construct
hollow structures.*®! Prolonged heating causes shrinkage of the needle structures, resulting in
highly crystalline TiO2, as shown in Figures 2-9g and h. Similar structure of short fibers were
obtained when the cheek-brush assemblies were further calcined at high temperature of 600 °C as
shown in SEM image (Figure 2-21), confirming their structure stability as consistent with TG/DTA

result (Figure 2-22).

e
NONE SEI 50kV  X50000 100nm WD 6.4mm

Figure 2-21. SEM images of the cheek brush TiO; after calcination at 600 °C with heating rate

10 °C/min.
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Figure 2-22. TGA/DTA curves of the cheek brush TiO: in air with heating rate 10 °C/min.

2.3.3 Nanocomposite hydrogel with cheek-brush TiO,

To emphasize the surface properties of the cheek-brush-shaped nanofiber bundles of TiO»,
they were attempted to be used as a hydrogel crosslinker. Typically, a hydrogel consists of a small
amount of polymer and a large amount of water. The mechanical properties of hydrogels, such as
ultimate tensile strength and elongation ability, are sensitive to the crosslinker shape. The
interactions between assemblies and polymer chains can be easily estimated from the mechanical
properties, because the large numbers of nanofibers in the assemblies become entangled with the
polymer chains as illustrated in Figure 2-23. The effect of the shape of TiO. prepared using the
similar solvothermal method was investigated by measuring the tensile strength of a hydrogel
prepared from 20wt% polymer and 0.02wt% TiO> nanoparticle assembly crosslinkers with

spherical, urchin-like, and cheek-brush shapes. The tensile strengths of poly(N-
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isopropylacrylamide) hydrogels containing various shapes of TiO2 nanoparticle were measured, as
shown in Figure 2-24. Table 2-1 shows the ultimate tensile strengths and elongation abilities
measured from the stress-strain curves of hydrogel samples prepared using cheek-brush assemblies
of TiOz or other shapes of TiO2 nanoparticles as shown in Figure 2-25. The hydrogel containing
cheek-brush nanoparticle assemblies has the highest ultimate tensile strength and elongation ability,
i.e., around 6900 kPa and 600%, respectively. The ultimate tensile strength is 11% higher and the
elongation ability is 9.1% higher than those of the hydrogel without a crosslinker. By mean of this,
the hydrogel with cheek-brush TiO, can withstand at higher tensile force before it was broken and
stretched longer before it was permanently deformed comparing with the blank hydrogel without

a crosslinker.

The nano-sized unique brush structure trends
to contribute high physical adhesion

Figure 2-23. Photographs and illustration indicating entangled polymer chains with brush

structure.
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Figure 2-24. Photographs of tensile tests on polymer hydrogel containing cheek-brush TiO>

nanoparticle assemblies as crosslinker

Table 2-1. Ultimate tensile strengths and elongation abilities of 20wt% poly(N-isopropyl

acrylamide) hydrogels containing different types of crosslinkers.

ultimate tensile Strength

elongation ability

% improvement

% improvement

(kPa) compared with (%) compared with
blank blank
Blank 6200 550
Cheek-brush TiO> 6900 +11 600 +9.1
MARIMO TiO> 5500 -11 450 -18
Urchin-like 6500 +4.8 580 +5.4
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Figure 2-25. Stress—strain curves for 20wt% poly(N-isopropylacrylamide) hydrogels without
crosslinker and with 0.02wt% differently shaped TiO2 crosslinkers, i.e., cheek-brush, urchin-like,

and spherical (MARIMO).

Although there are several researches that have been studied and shown the improvement
of tensile strength in various kinds of polymer hydrogels containing TiO2 nanoparticles with
spherical shape as a filler, the optimum amount of TiO. nanoparticles was found to be at least
0.2wt% in the hydrogels.*= In this work, only 0.02wt% of MARIMO TiO,, spherical TiO;
nanoparticle assembly, were used in the hydrogels in order to compare the property with the cheek-
brush TiO2 nanoparticle assembly. The results of tensile measurement in Figure 2-23 and Table 2-
1 show that both tensile strength and elongation ability of the hydrogel containing MARIMO TiO>
were decreased, confirming that MARIMO structure did not act as an effective crosslinker in
hydrogel formation. Thus, the tensile tests on hydrogels containing the crosslinkers show that
higher-ordered nanoparticle assemblies consisting of brush-like structures significantly improve

the tensile strength and elongation ability of the hydrogel.
40



2.4 Conclusions

Nanofiber bundles of anatase TiO> with a cheek-brush morphology were successfully
synthesized by a one-pot, single-step, solvothermal reaction from titanium tetraalkoxides and
aromatic esters in methanol at 300 °C under high pressure. The morphology of the product can be
tuned by adjusting the reaction parameters, i.e., the additive concentration, heating rate, reaction
time, and standing of precursors. Use of the cheek-brush nanoparticle assemblies as a crosslinker
improved the mechanical properties of a polymer hydrogel. This study provides new insights into
the synthesis of novel TiO2 nanomaterials and the chemistry of hydrogels with three-dimensional

physical crosslinking.

Standing step

Dimethyl phthalate concentration

Reaction temperature

Reaction time E -

Figure 2-26. lllustration of the conclusions for “cheek brush” TiO2 synthesis and its

application.
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CHAPTER I11
Surface Activation of TiO2 Spherical Nanoparticle Assemblies by
Atmospheric Pressure Plasma Jet and their Photocatalytic Activity

Enhancement

3.1 Introduction

Nanomaterials with porous structure are used in various applications such as
catalysts, catalyst supports, and absorbents due to their large surface areas and specific
surface properties. On the other hand, those properties make porous nanomaterials strongly
adsorb/absorb contaminants on their surfaces, which would reduce their inherent properties
as derived from their size-dependent lattice parameters.[*-31 These contaminants including
residues from their preparation process or a trace amount of impurities should be removed
from the surfaces to allow high performances when the nanomaterials are used in practical
applications, which can include catalysts, catalyst supports, adsorbents, and electrodes.[*l
Currently, thermal and chemical processes are commonly used to remove surface

contaminants as the example shown in Figure 3-1.1%1°

Methods for surface contaminant removal of nanoassemblies

| | | ]

= Wet cleaning = Thermal freatment = O, freatment = Plasma treatment

v A frace amount of
contaminants can be
removed

+ Large scale « Easy + Confrollable

+ Ineffective for frace * Thermal deconstruction| | . yse of O, (toxic gas)

amount removal +  Energy consumption v Facile treatment condition|

+ Environmental v Environmental friendly
contaminations

Figure 3-1. Schematic of methods for surface contaminant removal.
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High temperature treatments are generally known to be one of the easiest ways to
remove surface contaminants, however this consumes large amount of energy and often
causes sintering or pore collapses that can result in loss of surface area, and thus low
performance of catalysts. Chemical treatments sometimes require multi-step processes with
concomitant waste treatments. Thus, simple, easy, and versatile non-thermal processes for
surface treatment are necessary. Ozone (Oz) exposure and UV irradiation are relatively
common methods of non-thermal surface treatment, especially in the field of thin-layer
materials. However, in the case of Oz treatment, contaminants can only be removed by
diffusion of Oz on the surface, while UV irradiation can only clean the outer surfaces of
nanoparticles because of the difficulty of enabling UV light penetration deep inside the
layers or nanoparticle agglomerates.[*1:12]

Low-pressure plasma treatment is an alternative method of removing surface
contaminants. This traditional plasma treatment often requires expensive vacuum
equipment and high purity gases to generate plasma.[*3-161 However, in recent years there
has been much interest in developing plasmas that can operate at atmospheric pressure for
use in cost-effective processes from the micrometer to the centimeter length scales. One
alternative plasma device is the non-thermal helium atmospheric pressure plasma jet
(APPJ), which can be utilized in a wide range of areas including biology, agriculture,
medicine, and polymer science due to its facile operation under atmospheric conditions.!*”-
221 A helium APPJ generates highly reactive neutral and ionic species, which are delivered
to the target surface via helium gas flow.[?*-?61 Helium is commonly used as a plasma
medium, requiring a relatively low breakdown voltage and allowing plasma to be sustained

at voltages below 10 kV at atmospheric pressure. The plasma is non-equilibrium; typically,
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electron densities and temperatures in APPJs are ne < 102 cm™ and T, = 1-2 eV,
respectively.[?l Interestingly, the gas temperature is low, at close to room
temperature.[?228291 As described above, when a helium APPJ is generated in ambient air,
highly reactive oxygen species are generated by interactions between main plasma species
(He™ ions, metastable He, and electrons) and ambient air. -O and -OH are common reactive
species due to the existence of O, and small amounts of moisture in air, and both are capable
of oxidizing contaminants.[3%-321 When compared to the diffusion controlled O3 treatment
and the surface UV treatments, helium APPJs can penetrate deep inside porous
materials.[*'?l Moreover, a helium APPJ operated at room temperature and atmospheric
pressure would cause less damage to fragile materials.

Nanoscale TiO, with a mesoporous structure has been focused on as one of the most
promising functional materials.®31 However, the particles also suffer intrinsic contaminants on
their surfaces because of the inherent properties of nanoparticles. The one-pot, single-step
solvothermal was developed for a synthesis TiO. nanoparticle assemblies with mesoporous
morphologies, which were named micro/meso-porously architected roundly integrated metal
oxides (MARIMOs).34 However, some of the organic materials used in the synthetic process
remained in the final products as contaminants, which affected their activity when they were used
as catalysts. Spherical mesoporous TiO2 MARIMO assemblies could be an excellent probe to
check the efficiency of the non-thermal helium APPJ treatment of nanomaterials as illustrated in
Figure 3-2, since both the ultra-fine convex-concave nano-surface and the spherical secondary
structure are quite fragile and sensitive to thermal circumstances, as sintering of the primary
particles can occur to yield larger particles while the secondary spherical morphology can collapse
easily.
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Clean materials

Plasma Jet

Contaminated
materials

Figure 3-2 lllustrator of APPJ treatment on MARIMO assemblies of TiO>

In this chapter, TiO2 MARIMO nanoparticle assemblies were selected for use as a probe
nanomaterial to check the efficiency of facile treatment by non-thermal helium APPJ. The
efficiency was confirmed by LDI-TOF MS, which was firstly applied for the quantification of
trace amount contaminants on porous nanomaterials. TEM, SEM, BET, and XRD measurements
also use to confirm the treatment ability. Surface activation was estimated through photocatalytic
degradation of an organic dye and transient photocurrent measurements under UV irradiation. The
non-thermal helium APPJ apparatus was assembled according to a previously reported method as

shown in Figure 3-3.%]
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Figure 3-3. A schematic illustration of the non-thermal helium atmospheric pressure

plasma jet (APPJ) apparatus used for nanomaterial treatment. Right: a photograph of

helium plasma jet.

3.2 Experiment Section

The summary of experiment procedures is shown in Figure 3-4. TiO2 MARIMOs as probe

materials were investigated their contaminants and their properties before APPJ treatment. Then,

those properties and contaminant levels were confirmed again. After APPJ treatment conditions

were optimized, the material surface activation were investigated by their improvement on

photocatalytic activity.
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Figure 3-4 Schematic illustrated the summary of experimental procedures.

3.2.1 Materials

Methanol, ethanol, titanium tetraisopropoxide, formic acid, phthalic acid, methylene blue,
triethylamine, and potassium chloride were purchased from Wako Pure Chemical Industries Co.,
Ltd. Commercial SiO2 nanoparticles (Scigas 1.0 um) were received from Sakai Chemical Industry
Co., Ltd. All chemicals were used as received without further treatment. Water purified by reverse

osmosis was used throughout the experiments.
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3.2.2 Synthesis of TiO, nanoparticle assemblies

TiO2 MARIMO, cheek-brush, and urchin-like assemblies were prepared using previously
reported methods.[3*3] Precursor solutions containing organic additives (0.5 mol/L) were prepared
by mixing an aliquot of each organic additive with methanol (3.5 mL) using a Vortex mixer,
followed by addition of titanium tetraisopropoxide (105 pL, 0.353 mmol). The precursor solution
was transferred to an SUS-316 stain-less-steel tubular reactor with an inner volume of 10 mL. The
reactor was sealed with a screw cap and heated at a rate of 5.4 °C/min to 300 °C, and then this
temperature was maintained for 10 min. The reaction was quenched by placing the reactor in an
ice-water bucket. The obtained mixture was centrifuged and washed with methanol; this procedure
was repeated three times. The final suspended mixture was completely dried under vacuum and a

powdery product was obtained.

3.2.3 Plasma treatment

The system consisted of a 15 cm glass tube and an external electrode in a cylindrical
dielectric barrier discharge configuration.*®! The nozzle exit was tapered from an inner diameter
of 4 mm to 800 um at the orifice. The emerging plasma jet was used to treat the catalysts. Helium
gas was fed through the tube at a flow rate of 1.62 L/min. A sinusoidal high voltage of 10 kV at a
fixed frequency of 50 kHz was applied to sustain the helium plasma. The length of the emerging
plasma jet was 1 c¢cm under the plasma operating conditions. Catalyst powder was placed
downstream of the plasma jet. The working distance from the nozzle tip to the sample surface and

the exposures time were varied.
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3.2.4 Nanoparticle assembly characterization

The morphologies of the obtained materials were observed using scanning electron
microscopy (FE-SEM, Hitachi S8020) and transmission electron microscopy (TEM, JEOL JEM-
2100F). The crystalline phase was identified by X-ray diffraction (XRD, Cu Ko radiation, Rigaku
SmartLab). Mass spectra were obtained using laser desorption/ionization time-of-flight mass

spectrometry (LDI-TOF MS, Bruker Autoflex speed TOF/TOF).

3.2.5 Evaluation of photocatalytic activity

The photocatalytic activities of the prepared and plasma-treated TiO. spherical
nanoparticle assemblies were evaluated by methylene blue degradation. In these reactions, 5 mg
of TiO2 MARIMO assemblies were added to well-mixed aqueous solutions containing 10 mg/L of
methylene blue. The suspensions were stirred for 1 h in the dark to achieve an
adsorption/desorption equilibrium. The suspensions were irradiated with UV light (300 W, Xenon
Light Source MAX-301, Asahi Spectra Co., Ltd.) at room temperature. UV-Vis spectroscopy was

used to measure the absorbance of the solution at given time intervals.”]

3.2.6 Measurement of photocurrent

The photocurrent-time was measured using an electro-chemical analyzer (ECstat-300, EC
Frontier Co., Ltd.) in a standard three-compartment cell consisting of a working electrode, a Pt-
coil counter electrode, and a Ag/AgCI reference electrode. The working electrodes were made by
drop casting TiO2 MARIMO assemblies onto ITO glasses. Suspensions of 7 mg TiO, MARIMO
assemblies in 1 mL methanol were prepared, and then 10 pL of these suspensions were dropped

on-to 1 cm x 1 cm areas of the ITO glass electrodes (1 cm x 5 cm). The electrodes were soaked in
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an electrolyte containing 0.1 mol/L of KCI and 0.1 mol/L of triethylamine in water during the
measurements as an illustration shown in Appendix B, which were performed under UV light (300

W, Xenon Light Source MAX-301, Asahi Spectra Co., Ltd.) irradiation.

3.3 Results and Discussion

3.3.1 Effect of plasma treatment on surface morphology of TiO,

The previously stated electron temperature of non-thermal helium APPJ is high
enough to damage the fragile ultra-fine convex-concave nano-surface morphologies of the
probe TiO> MARIMO assemblies under some operating conditions, thus the APPJ
parameters were optimized as follows: i) the working distance from the nozzle tip to the
sample, ii) the helium flow rate, and iii) the treatment time. These should be considered to
obtain sufficiently clean assembly surfaces without damaging the morphology and surface
properties of the probe TiO2 MARIMO assemblies. Frequent collisions between neutral gas
and electrons under atmospheric conditions mean that the electron energy reduces
exponentially as the distance from the plasma region increases.*® Thus, the working
distance was altered with a fixed helium flow rate of 1.62 L/min and a treatment time of 20
min. As shown in Figure 3-5, at a distance of 1 cm, several spherical TiO>, MARIMO
assemblies were fused to afford larger assemblies with cauliflower shape. However, no

changes in the spherical mesoporous morphology were observed when a distance of 2 cm
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was used. Thus, the working distance is crucial to morphological changes in the probe TiO>

MARIMO assembilies.

Figure 3-5. SEM images of TiO. MARIMO assemblies: (a) before treatment, after APPJ treatment
for 20 min at a helium flow rate of 1.62 mL/min and working distances of (b) 1 cm and (c) 2 cm,

and (d) after APPJ treatment for 60 min with a working distance of 2 cm.

3.3.2 Surface contaminant detections by SALDI-MS

To evaluate the cleanliness of the TiO2 MARIMO assemblies, a new approach
utilizing laser desorption/ionization time-of-flight mass spectrometry (LDI-TOF MS) was
used. Matrix-assisted LDI-TOF MS (MALDI-TOF MS) using low molecular weight
organic matrices is a well-known method of determining the mass-to-charge ratios (m/z) of

organic compounds, polymers, biopolymers, etc.**! Another type of surface-assisted LDI-
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TOF MS (SALDI-TOF MS) using inorganic surface instead of organic matrices has been
developed.[*l Here, the SALDI-TOF MS technique is extended to the detection of
contaminants on the surfaces of nanomaterials. A similar approach to the detection of
surface organic contaminants by time-of-flight secondary ion mass spectrometry (TOF-
SIMS) using a pulsed Bis* beam has also been reported.[*] However, LDI-TOF MS
instruments are popular in laboratories, and as the technique in the current study uses a laser
instead of a Biz" beam, it is more versatile.

As shown in Figure 3-6, several peaks derived from contaminants were observed in
the mass spectrum of the as-prepared TiO> MARIMO assemblies. However, these peaks
completely disappeared after APPJ treatment under suitable conditions. This preliminary
experiment confirmed the potential of non-thermal helium APPJ treatment for the removal

of contaminants from the surfaces of the assemblies.

after 1 h treatment

before plasma treatment

Intensity
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100 200 300 400 500
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Figure 3-6 Mass spectra of TiO2 MARIMO assemblies before and after APPJ treatment

for 1 h at helium flow rate of 1.62 mL/min and a working distance of 2 cm.
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In order to quantify the cleaning efficiency, the percentage decrease in the intensity
of the main peak seen in the spectrum of the TiO2 MARIMO assemblies (m/z = 393, Figure
3-7), was defined as expressed in Equation (1).

%decrease = (lo-1)/10%100% (1)

Figure 3-7a shows that there was no significant trend in %decrease when the helium
flow rate was varied between 0.8 and 1.9 L/min at a fixed working distance of 1 cm and a
fixed treatment time of 20 min. However, treatment time was a critical factor when cleaning
the TiO2 MARIMO assemblies, as shown in Figure 3-7b. A treatment time of 60 min was
necessary for 100% removal of the contaminants, suggesting that it takes time for the APPJ

to reach deep inside of the mesoporous spherical assemblies.

@ 400 |

80 - .
60 -

40

%decrease

20 A

0.5 1 1.5 2
He flow rate (L/min)

(b) 100 A A A

80 -
60 -

40 -

%decrease

20

0 A T T T T
0 30 60 90 120
time (min)

Figure 3-7. Plots of percentage decrease in the intensity of the main peak (m/z = 393)

against (a) helium flow rate and (b) treatment time.
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The TiO2 MARIMO assemblies were sufficiently cleaned without any damage to
the nano convex-concave morphology under the following optimal plasma treatment
conditions: working distance = 2 cm, helium flow rate = 1.62 L/min, and treatment time =
1 h. This was confirmed by SEM and TEM observations, as shown in Figure 3-5 and 3-8.
N> adsorption/desorption isotherms before and after the APPJ treatment of the TiO:
MARIMO assemblies resulted in similar patterns (Fig. 3-9). The calculated BET specific
surface areas were also similar, with values of 180 and 174 m?/g for TiO2 spherical

nanoparticle assemblies before and after the APPJ treatment, respectively.

Figure 3-8. TEM images of TiO> MARIMO assemblies (a) before APPJ treatment and (b)
after APPJ treatment for 1 h at a helium flow rate of 1.62 L/min and a working distance of

2 cm.
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Figure 3-9. N, adsorption/desorption isotherms of solid TiO2 MARIMO assemblies (a)

before APPJ treatment and (b) after APPJ treatment for 1 h at a helium flow rate of 1.62

L/min and a working distance of 2 cm.
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Figure 3-10. X-ray diffraction patterns of solid TiO» MARIMO assemblies before and after

APPJ treatment for 1 h at helium flow rate of 1.62 L/min and a working distance of 2 cm.
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The X-ray diffraction patterns shown in Figure 3-10 clearly indicate that there were
no significant change in the crystal structure of the anatase TiO; after the APPJ treatment
of the TiO2 MARIMO assemblies. Thus, the APPJ treatment sufficiently removed the
surface contaminants from the TiO> MARIMO assemblies without damaging the surface
morphologies or crystal structures of the assemblies.

Another example of porous spherical nanoparticles, commercially available SiO»,
was also treated with the helium APPJ. Mass spectra of the SiO2 spherical nanoparticles
after the APPJ treatment clearly show the complete removal of contaminants (Figure 3-11)
without any change in the morphology according to SEM images (Figure 3-12). In addition,
similar results shown in Figures 3-13 and 3-14 confirm the ability of the plasma treatment
to be used without damage on fragile cheek-brush and urchin-like structures of TiO>
assemblies obtained by similar methods to the synthesis of TiO> MARIMO assemblies. [
As a result, the non-thermal helium APPJ can be seen to be one of the best techniques for

cleaning the surfaces of nanomaterials without structural damage.
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Figure 3-11. Mass spectrum of commercial SiO> nanoparticles before APPJ treatment

compared with those obtained after APPJ treatment for 1 h and 2 h.
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Figure 3-12. SEM images of commercial SiO2 nanoparticles (a) before APPJ treatment, after APPJ
treatment at a helium flow rate of 1.62 L/min and a 2 cm for (b) 1 h and (c) 2 h, and (d) with a

working distance of 1 cm for 1 h.

Figure 3-13. SEM images of cheek-brush TiO2 assemblies (a) without APPJ treatment and

after APPJ treatment at a helium flow rate of 1.62 L/min for (b) 1 h at a working distance

of 2 cm and (c) 20 min at a working distance of 1 cm.
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Figure 3-14. SEM images of urchin-like TiO2 assemblies (a) without APPJ treatment and

after APPJ treatment at a helium flow rate of 1.62 L/min for (b) 1 h at a working distance

of 2 cm and (c) 20 min at a working distance of 1 cm.

3.3.3 Photocatalytic activity enhancement by plasma treatment

3.3.3.1 Photocatalytic degradation of methylene blue

The effect of the helium APPJ treatment on the photocatalytic activity of the TiO>
MARIMO assemblies was studied through the photocatalytic degradation of methylene
blue under UV irradiation as a model reaction (Figure 3-15a). When aqueous solutions of
methylene blue were photoirradiated in the presence of catalysts, the APPJ-treated TiO>
MARIMO assemblies performed far better catalytic ability, enabling faster degradation of
methylene blue (78% decrease in 1 h) than seen for the as-prepared assemblies (34%
decrease in 1 h). Based on the changes in absorbance over time, a pseudo-first-order
kinetics model was applied to obtain rate constants (k) (Figure 3-15b). The calculated rate
constants significantly increased from 8.3 x 10" min! for the as-prepared TiO, MARIMO

assemblies to 3.2 x 102 min* for the APPJ-treated ones. Thus, photocatalytic activity was
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accelerated 3.8 times by the simple APPJ treatment. Similar results were observed in the

case of hollow MARIMO TiO (Appendix B).
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Figure 3-15 Photocatalytic degradation of methylene blue using as-prepared and APPJ-

treated TiO2 MARIMO assemblies (a), and its logarithmic plot (b).
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3.3.3.2 Transient photocurrent responses

Transient photocurrent response measurements were also performed as another
method evaluating the effect of surface activation by the APPJ treatment on the
photocatalytic activity. Here, a standard three-component photoelectrochemical cell
composed of working, reference, and Pt electrodes was used. The photocurrent responses
of the as-prepared and the APPJ-treated TiO> MARIMO assemblies were recorded over
several on-off cycles of UV irradiation. During UV irradiation, TiO2 produces electrons
and holes, with the separation efficiency of these playing a major role in the photocatalytic
reaction. Thus, a higher photocurrent indicates a better catalytic activity derived from more
efficient separation of electrons and holes.[*?]

In Figure 3-16, the measured photocurrent of the APPJ-treated TiO> MARIMO
assemblies was significantly higher than that of those without treatment. For the first cycle,
the APPJ treatment led to an almost 100% improvement in the activity of the TiO>
MARIMO assemblies, confirming excellent surface activation after plasma treatment,
which allowed higher electron-hole generation, separation, and transfer efficiencies. Even
after several cycles, the plasma-treated samples still had activities that were around 50%
higher than those of the as-prepared samples. Similar trends were also observed in the case

of hollow MARIMO TiO: (Appendix B).
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Figure 3-16. Transient photocurrent responses of as-prepared and APPJ-treated TiO>

MARIMO assemblies.

3.4 Conclusions

In conclusion, facile treatment of porous nanomaterials by a non-thermal helium
APPJ was developed to clean and activate the porous nanoparticle assembly surfaces
without damaging their original surface morphologies and crystal structures. To ensure the
cleanliness of the nanoparticle surfaces, a new technique for detecting trace amounts of
contaminants on nanoparticles by LDI-TOF MS was developed. The non-thermal helium
APPJ treatment enhanced the photocatalytic activity of the TiO> MARIMO assemblies, as
confirmed through methylene blue degradation and transient photocurrent measurements
under UV irradiation. The non-thermal helium APPJ treatment is expected to become one
of the standard methods for surface treatment of porous nanomaterials with fragile

structures.
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New technique of using mass spectroscopy for contaminant detection on
the surface of mesoporous materials is successfully applied.

Figure 3-17. lllustration of the conclusions for APPJ treatment of TiO, MARIMO

assemblies.
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CHAPTER IV

High Surface Roughness of Mesoporous Spherical Nanoparticle Assembly of

TiO; for Supporting Well-dispersed Au Nanoparticle

4.1 Introduction

Much attention has been paid to well-dispersed metal nanoparticles in many fields of
physics, chemistry, materials science, and practical applications, including synthetic chemistry,
energy-conversion, industrial mass production, environmental issues, and biomedical
applications.*! In order to obtain good dispersion of nanoparticles, surface of the metal
nanoparticles are usually modified directly by mixing with organic materials or dispersion media,
such as fatty acids with long alkyl chain and amine derivatives.[!>14 In the field of catalyst, the
dispersion media are called “supports.” There are many kinds materials for supports utilized in this
field, such as active carbon, diatomite, zeolites, metal oxides, and metal-organic-frameworks.[**-
211 Among them, metal oxides are considered to use commonly, since they can serve not only high
heat tolerance and mechanical strength required for high temperature vapor phase reactions but
also wide surface area. The larger surface area of the support is expected to dilute catalyst metals
on the support surface, resulting in the better reaction heat release, especially in exothermic
reaction. It is also believed that the metal oxide surface also affords electronic effect on their
catalytic activity of supported metal nanoparticles. Thus, rational combination of catalyst

nanoparticles and supports is the most important for the high performance catalysts.
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In the case of exothermic reactions, the temperature of catalysts, especially very surface of
the catalysts, becomes notably high. Under such high temperature conditions, one of the most
serious problems is catalyst sintering, because of which several catalyst nanoparticles migrate and
agglomerate to form large particles leading to the loss of catalyst surface area at the elevated
temperature (Figure 4-1).[22281 Aplation of the nanoparticles from the support surface, so called
leaching, is another common problem that shortens the catalyst life-time. Generally, once the
catalyst nanoparticles are sintered or leached, they do not reproduce the original sizes, morphology,
surface area, and crystal structure. Thus, it is better to focus on the prevention of sintering and

leaching rather than regenerate the nanoparticles.

particle migration particle growth ablation

metal — N ° sintering u )

nanoparticle > \)
——) <
catalyst support catalyst support

Figure 4-1. lllustration of sintering of metal catalyst at high temperature and ablation.

To prevent the sintering and leaching of metal nanoparticles, several methods such as
alloying, ligand-assisted pinning, fixation on defects, and encapsulation as core-shell/sheath
structures by oxides or polymer coatings are reported (Figure 4-2).7-3"1 Those strategies mainly
focus on the isolation of the individual nanocatalyst resulting in low possibility of catalyst
aggregation/growth. However, some of them limit the accessibility of reactant to the active site of
the catalyst, which affect the reaction rate. Beside, most of their preparation methods are usually

complex and multi-steps reactions are required.
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Figure 4-2. Schematic representations of example methods for catalyst sintering prevention.

At the same time, the simple one-pot and single-step solvothermal approach has been
reported to fabricate solid and hollow TiO2 nanoparticle assemblies with fine primary particles (<
5nm) and large surface area (200-400 m?/g) (Figure 4-3).1%1 The assemblies with mesoporous
morphologies are called micro/meso-porously architected roundly integrated metal oxides
(MARIMOs). They have a unique surface roughness derived from their inherent fine primary

particles, which are expected to disperse metal nanoparticles well and lead to larger amounts of

metal nanoparticles loading onto their surface.
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Figure 4-3. MARIMO TiO> with its unique surface as an effective support for metal

nanoparticle.

A preliminary result was reported on a completely new approach to suppress sintering of
metal nanoparticles supported on TiO, support.® It is stated that nano-concave-convex structure
on the surface of the MARIMO TiO> nanoparticle assemblies prevented the migration of metal
nanoparticles even at high temperature (Figure 4-4a) and steric bulkiness derives from the
concave-convex nanostructure suppressed the fusion of several embedded nanoparticles by the
difficulties of contacting between each nanoparticle. In this year (February, 2017), Liu et al
reported the similar concept on the suppression of sintering using “silica” support with wide
mouthed compartments.??> They demonstrated sintering-resistance of Pt nanocatalysts on silica
nanosheets. The nanosheets have special three-dimensional assemble structure consisting of large
amount of compartments, which effectively separated each catalyst to stay in each large spaces.
According to the significant long distance between each catalyst, it is difficult for them to travel
across the wall and aggregate together. Furthermore, reactant gases can easily access to the catalyst
due to their wide mouthed structure. However, amount of catalyst metal nanoparticles on the
support should be not so much to keep the nanoparticles independent.
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Figure 4-4. Supposed mechanisms of the sintering prevention by using rough surface support for

metal nanoparticle.

In this chapter, a new strategy for sintering delay and resistance of catalysts by using a new
type of TiO> catalyst support, with a concave-convex structure and high surface roughness at the
nanometer level owing to systematic agglomeration of TiO> ultrafine primary particles, is proposed.
This chapter reports good dispersion ability of metal nanoparticles onto the nano-concave-convex
surface of TiO2 MARIMO nanoparticle assemblies even by the use of common loading method
without any special technique. Au is also chosen as the catalyst metal, since it can be sintered
easily at high temperature. % A highly exothermic CO oxidation (283 kJ/mol) is also selected as
a probe reaction operated at high temperatures.*!] The deposition-precipitation method reported

by Haruta et al. is adopted to prepare TiO2 supported Au catalysts.[*?]
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4.2 Experimental Section

4.2.1 Materials

Methanol, titanium tetraisopropoxide, formic acid, chloroauric acid (HAuCls-4H20), and
sea sand (300-600 pum, 30-50 mesh) were purchased from the Wako Pure Chemical Industries Co.,
Ltd. MARIMO TiO2 nanoparticle assemblies were received from UJIDEN Chemical Industry Co.,
Ltd. P25 (non-porous mixed anatase-rutile phase with surface area around 50 m?/g TiO:
nanoparticles) and ST-01 (anatase phase with high surface area of around 300 m?g TiO;
nanoparticles) were received from Evonik Industries and Ishihara Sangyo Kaisha, Ltd.,
respectively. All chemicals were used as received without further treatment. Reverse osmosis

water was used throughout the experiments.

4.2.2 Au/TiO, catalyst preparation

AU/TiO2 catalysts with 1wt% and 5wt% Au amounts were prepared by common
deposition-precipitation method using 2 mg and 10 mg of chloroauric acid (HAuCls-4H,0),
respectively. pH values of aqueous solutions of chloroauric acid in 20 mL water were adjusted to
8.0 by addition of 1.0 mol/L NaOH solution. TiO support (100 g) was then added to the solution.
The mixture was sonicated for 10 min and stand at 70 °C for 1 h. After cooling to room
temperature, the mixture was washed with water and the suspension was centrifuged. The obtained

solid was dried in vacuo at room temperature for 12 h and calcined in air at 300 °C for 4 h.
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4.2.3 Catalyst characterizations

The catalyst morphologies were observed by scanning electron microscope (FE-SEM,
Hitachi S8020) and transmission electron microscope (TEM, JEOL JEM-2100F). Energy
dispersive X-ray spectroscopy was performed on Oxford INCA Energy TEM250 attached on the
TEM for elemental analysis of the catalysts. Power X-ray diffraction (XRD) pattern was obtained

on Rigaku SmartLab (Cu Ka radiation, DteX-25 detector).

4.2.4 CO pulse adsorption

The adsorption process was performed at 0 °C in a flow type reactor, BELCATII (Microtrac
BEL Corp.) with TCD detector. A catalyst loading of 50 mg was fixed in a quartz tube fixed bed
reactor using quartz wool on both sides. Before CO adsorption, the following pretreatment method
was applied: The sample was heated to 40 °C by He gas flow for 15 min, followed by 15 min Oo,
20 min He, and 20 min H; treatments to completely reduce the metal catalyst. Then, He was flowed
again to cool the catalyst to the desired adsorption temperature (0 °C) obtained by liquid nitrogen
in cryo unit equipped with the reactor. Total gas flow rate was kept constant at 50 mL/min during
the pretreatment. 10% CO content in He (v/v) was applied to the CO pulse adsorption with pulse

size of 0.88 mL, with 5 min interval time.
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4.2.5 Catalytic activity test

CO oxidation for catalytic activity study was carried out using a flow-type reactor
(BELCATII, MicrotracBEL Corp.). A 20 mg of sample containing 5 mg of Au/TiO; catalyst
dispersed in 15 mg of sea sand was placed in the fixed bed reactor stuffed by quartz wool on both
sides. The sample was pretreated at 40 °C by flowing He for 35 min, followed by 15 min of Oy,
20 min of He again, 20 min of H, and 10 min of Ar with the constant gas flow rate of 50 mL/min.
After the pretreatment, the reactant mixture gas CO/O/Ar (13.3% CO, 6.7% O», and balance Ar)
was fed through the catalyst bed at a flow rate of 30 mL/min. The reaction temperature was
controlled by blowing liquid N2 and/or heating the reactor. The outlet gases were analyzed by
GC3200 gas chromatograph (GL Science) using a TCD detector. The cycle test was performed by
repeating the reactions at the low and high temperatures alternatively for 10 cycles under the same

reaction conditions, while only Ar gas was flowed during the cooling and heating steps.
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4.3 Results and Discussion

4.3.1. Dispersion of metal catalyst on the support

There are several methods for sintering prevention by fixing metal nanoparticles on metal
oxide supports (Figure 4-2), which include conventional impregnation, coprecipitation,
deposition-precipitation, colloidal deposition, arc plasma deposition, mechanical mixing,
sputtering, and grafting.1*3! The selection of suitable method is crucial to obtain well-dispersed
with uniform size metal catalyst on support material’s surface since the dispersion ability and
particle size of metal nanoparticles as well as durability of the metal support catalysts directly
influence the catalysts performance. In this experiment, the conventional deposition-precipitation
method reported by Haruta et al. is selected to obtain TiO2 supported Au catalysts.[*l MARIMO
TiO2 nanoparticle assemblies were dispersed into chloroauric acid solution, whose pH was
adjusted to 8.0 with NaOH solution. The obtained solid was washed by water and calcined in air
at 300 °C for 4h. The catalyst products are called 1-AuU/MARIMO and 5-Au/MARIMO; the
numbers denote wt% of Au in the precursor mixtures of chloroauric acid and TiO2 nanoparticle
assemblies. As a control, commercially available Degussa P25 TiO> particles having an anatase-
rutile mixed phase with the particle size of ca. 25 nm and without any porous structure were used.
The obtained catalysts are denoted as 1-Au/P25 and 5-Au/P25, respectively. Ishihara Sangyo
Kaisha ST-01 TiO2 powder with an anatase phase having particles of ca. 7 nm and specific surface
area of ca. 300 m?/g was also utilized as the reference catalyst support. The obtained catalysts are

denoted as 1-Au/ST-01 and 5-Au/ST-01, respectively (Table 4-1).
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Table 4-1. Information of Au/TiO: catalysts.

Au in Au After CO
After ey e

Sample name S ort precursor content cvele test oxidation

P upp solution by EDX )(Iw £%) at 400 °C

(Wt%) (Wt%) ° (Wt%)

1-Au/MARIMO MARIMO TiO 5 1 2.0 1.9 2.0
5-Au/MARIMO MARIMO TiO 5 5 6.2 6.1 6.3
1-Auw/STO1 ST-01 TiO2 1 1.8 1.0 1.6
5-Au/STO1 ST-01 TiO2 5 7.6 6.8 8.3
1-Au/P25 P25 1 0.0 - 0.3
5-Au/P25 P25 5 4.4 2.3 3.3
WGC Auw/TiO;" - - 1.8 1.8 1.7

*A commercially available Au/TiO; catalyst

In order to see Au nanoparticles on the MARIMO TiO2 support surface, TEM and

HAADF-STEM observations were performed. Unfortunately, direct observation of Au NPs was

not successful (Figure 4-5), which can be ascribed to the resolution limit of TEM and HAADF-

STEM instruments. However, the existence of Au atoms on MARIMO TiO: supports was directly

and clearly confirmed by STEM/EDX analysis (Figure 4-6a, b). In addition, Au NPs were perfectly

dispersed on MARIMO TiOy, irrespective of Au contents of 1 and 5wt% (Figure 4-6a, b). Au/ST-

01 also exhibits quite good dispersion ability of Au on TiO2 support, however, several aggregation

of Au clusters were observed in its HAADF-STEM/EDX and STEM/EDX analyses (Figures 4-6c,

d, 4-7). Similar aggregation of Au clusters was observed in the case of Au/P25 (Figure 4-6f).
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Figure 4-5. TEM and HAADF-STEM images of 1-Au/MARIMO (a-c) and 5-Au/MARIMO (d-

e).
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Figure 4-6. STEM, HAADF-STEM images, and EDX mappings of as—prepared catalysts.
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Figure 4-7. HAADF-STEM, STEM, and EDX mappings of 1-Au/STO01 (a) and 5-Au/STO1.

The amounts of Au atoms were estimated by STEM/EDX or HAADF-STEM/EDX
analysis, as listed in Table 4-1. In the cases of MARIMO and ST-01 supports with a large specific
surface area, Au contents increased a little bit as compared to those in the precursor solutions. In
contrast, in the case of Au/P25 with a small specific surface area, the total amounts of Au loading
were significantly lower than those in the precursor mixtures, which can be ascribed to the leaching
of Au NPs from the surface of P25 during the washing process in the preparation of Au/P25 (Figure
4-6e, ). The obvious difference in the loading amount of Au clearly indicates that the wider surface
area and/or the nanometer-scale surface concave-convex structure originated from their small
primary particle size would catch and fix larger amounts of Au NPs on the surface, as illustrated

in Figure 4-4a.
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The measurements of CO pulse adsorption were also conducted to confirm the difference
in dispersion ability of Au on MARIMO support comparing with P25 support. The CO pulse
adsorption patterns show larger amount of CO adsorption on Au/MARIMO (0.31 cm®[STP]/g)
than that on Au/P25 (0.17 cm®[STP]/g), clearly indicating the better dispersion ability of Au

nanoparticles on MARIMO surface than that on P25 one (Figure 4-8).
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Figure 4-8. CO pulse adsorption patterns on Au/TiO: catalysts. (a) 5-Au/MARIMO and (b) 5-

Au/P25.
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Another method of XRD measurements were also employed for Au nanoparticle detections.
X-ray diffraction patterns of Au/TiO- catalysts (Figures 4-9) have no discrepancy with the results
of TEM observations. Anatase and/or rutile TiO> diffraction patterns were observed but not for Au
crystal, indicating that crystal sizes of Au nanoparticles dispersed on the TiO> supports are too

small to be observed.

(a)

— 1-Au/ST-01
— 1-Au/P25

| ? — cubic Au

| | L - _ rutile TiO,

Intensity

20 30 40 50 60 70 80 % anatse TiO,

(b)

— 5-Au/ST-01

5-Au/P25
W — 5-Au/MARIMO
_ _ — cubic Au
\ [ | ; — rutile TiO,

Intensity
|

| : L—u : _ ‘ — anatse TiO,
20 30 40 50 60 70 80 90

Figure 4-9. X-ray diffraction patterns of as-prepared 1wt% (a), and 5wt% (b) Au/TiO: catalysts.
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4.3.2. Catalytic activity for CO oxidation

According to the small size and high loading content of Au nanoparticles as proved in
section 4.3.1, AUMARIMO TiO: is expected to exhibit higher catalytic activity for the probe
reaction of CO oxidation. The results were more than expected (Figure 4-10a). When the
temperature of the mixed reactant gas (CO/O2/Ar) was increased to 60 °C, CO oxidation reaction
suddenly occurred and the catalyst bed temperature increased to 80 °C, where CO conversion
reached to 80%. When the catalyst temperature was increased to more than 80 °C, a gradual
increasing in CO conversion was observed. However, when the reference catalyst 1-Au/ST-01 was
used, the reaction started at a much higher temperature (120 °C) and only 65% of CO conversion
was observed. In the case of 1-Au/P25, the reaction started at 150 °C, though CO conversion stayed
at a low level of ca. 20%. Thus, the 1-Au/MARIMO catalyst showed a much better low-
temperature activity as well as higher CO conversion, confirming the excellent ability of
MARIMO structure as a support for catalytic reaction, as compared to those of the reference 1-
AU/ST-01 and 1-Au/P25 catalysts. Similar trend was shown in 5wt% Au/TiO; (Figure 4-10b). The
high amount of Au nanoparticles of more than 5wt% showed that the reaction required lower

temperature of around room temperature compared to 1wt% Au loading.

In addition, low CO conversions were observed when 1-Au/P25 was used as a catalyst
throughout all temperature ranges. On the other hand, although the total amounts of Au loading in
5-Au/P25 resulted in significantly lower than those of other kinds of supports (4.4wt% as shown
in Figure 4-6f), CO oxidation occurred at as low temperature as in the case of MARIMO support

(Figure 4-10b) which might be derived from anatase/rutile mixed crystalline structure of P25.
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Figure 4-10. CO conversion and CO: yield from CO oxidation using different type of 1wt% (a),

and 5wt% (b) Au/TiO; catalysts.

Also, the HAADF-STEM images and size distribution of Au nanoparticles (Figures 4-11b
and 4-12) show small size of the Au catalyst of around 2-4 nm, which supports the occurrence of
the reaction at comparatively low reaction temperature. However, the CO conversion in the case
of 5-Au/P25 catalyst decreased gradually during the increase of reaction temperature, which can
be explained by a hypothesis of which Au nanoparticles became aggregated and sintered on flat
surface support comparing with high curvature surface support at high temperature. HAADF-
STEM images of the catalysts after CO oxidation at 400 °C showed that sizes of Au particles on

P25 and ST-01 TiO2 supports (Figure 4-11e and 4-11f) were significantly increased as the size
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distribution shown in Figure 4-12. Considering the MARIMO support, Au nanoparticles cannot
be seen clearly due to the difficulty of the measurement on spherically aggregated nanoparticle
assemblies as mentioned earlier. Nevertheless, there was no large particle found at the edge of the
assembly (Figure 4-11d), which partially confirms no aggregation during CO oxidation at the
temperature ranging from -20 °C to 400 °C. These results emphasized the importance of the
MARIMO structure on their excellent ability for metal catalyst support. In addition, the 1-
AU/MARIMO showed higher CO conversion at low temperature even comparing with the
commercially available WGC reference Au/TiO> catalyst. So, the synthesized AuU/MARIMO can

be considered as an alternative choice for Au/TiO: catalyst.

5-Au/MARIMO 5-Au/P25 5-Au/ST-01

+ S

before

after

Figure 4-11. HAADF-STEM images of 5-Au/MARIMO (a, d), 5-Au-P25 (b, €), and 5-Au/ST01

(c, f) before (a, b, ¢), and after (d, e, f) CO oxidation at 400 °C, respectively.
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Figure 4-12. Au particle size distribution before and after CO oxidation at 400 °C.

Two important trends can be gleaned from these results: 1) the MARIMO support dispersed
Au nanoparticles highly well, and as a result, they could not be observed by TEM and/or HAADF-
STEM both before and after exothermic high-temperature CO oxidation, and 2) the ST-01 support
having a specific surface area comparatively equal to that of MARIMO (ca. 300 m?/g) also
dispersed the Au nanoparticles well; however, the size of the dispersed Au nanoparticles was not
very small as compared to that on the MARIMO support, which would be a reason for better low-
temperature and higher CO oxidation activities of the 1-Au/MARIMO catalyst. Thus, specific

surface area is not the most important factor for high performance catalyst supports.
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4.3.3 Stability of the catalyst and supports

To investigate the catalyst stabilities and durabilities, the Au/TiO; catalysts were subjected
to much severe heat stress by repeating the heating—cooling cycle (140-0 °C) of CO oxidation, in
which the reactions occurred only at high temperatures (Figure 4-13). To compare between
different types of the support structures with the same anatase crystalline phase of TiO,, 1-
AU/MARIMO and 1-Au/STO01 were tested by 10 heating—cooling cycles. As expected, in the case
of the cycle test using the 1-Au/MARIMO catalyst, almost no significant change (0.8%) was
observed in CO conversion, even after performing 10-cycle repeated test. However, an obvious

decrease in CO conversion (ca. 35%; from 62% at the initial cycle to 40% at the last cycle) was

observed for the 1-Au/ST-01 catalyst.
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HAADF-STEM observations clearly visualized Au nanoparticle growth in the 1-Au/ST-

01 catalyst (Figure 4-14), while only a small amount of grown Au nanoparticles were observed in

the 1-Au/MARIMO catalyst.

1-Au/MARIMO after cycle 1-Au/STO01 as-prepared 1-Au/STO1 after cycle

100 nm

= 1-Au/MARIMO after cycle test

1-Au/ST01 as-prepared

u 1-Au/STO1 after cycle test

20 -
20
10
I 10
. I 1 a1
3 4 5 6 7 8 9 10 )

2 3 4 5 6 7 8
Au diameter (nm) Au diameter (nm)

Amount (%)
Amount (%)

B
10 11

Figure 4-14. HAADF-STEM images and Au particle size distribution comparing between 1-

AU/MARIMO and 1-Au/ST-01 before and after stability test.
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Although the size distribution graph (Figure 4-14) of AuU/MARIMO shows the existence
of quite large particles (~8 nm) of Au catalyst after the test, there should exist much amount of
very small size Au catalysts that were unable to be observed by the HAADF-STEM due to the
limitation of the measurement caused by the distraction from the support structure. However, EDX
measurement in Figure 4-15a clearly indicates the existence of higher amount of Au even after the
cycle test. However, Au loading on ST-01 support after the cycle test (Figure 4-15b) showed
comparatively lower than that of as-prepared sample (Table 4-1), suspecting leaching of the
catalyst on ST-01 support could occur during the cycle test. On the contrary, the MARIMO support
kept almost constant amount Au loading even after the cycle test, indicating excellent stability of

AU/MARIMO during several cycles of reaction.

1-Au/MARIMO

Weight.% | Atomic%
38.0 65.2
60.1 34.5
Au 1.91 0.27

1-Au/STO01

Weight.% | Atomic%
48.8 74.3
50.3 25.6
Au 0.97 0.12

Figure 4-15. STEM, HAADF-STEM images and EDX mappings of 1wt% Au/TiO; after

stability tests.
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The following generalizations can be derived from these results: 1) the nanometer-scale
concave-convex structure on the support surface dispersed the Au nanoparticles so well as in
nanometer scale, and 2) high catalytic activity and sintering resistance of the Au/TiO> catalyst in
CO oxidation are derived from not only because of the large surface area of the catalyst support
but also because of the peculiar surface structures with the ultrafine concave-convex particle

structure.

Additionally, a stability test of the reference commercially available WGC 1-Au/TiO; was
investigated. The result of the test and the morphology of the catalyst before and after the cycle
test can be found in Figure 4-16 and 4-17, respectively. The CO conversion showed a slightly
observable decrease during several cycles of reactions (Figure 4-16). In the same time, the sintering
of Au nanoparticles to become larger size were observed as shown in the red circle indicated in
HAADF-STEM image (Figure 4-17). Size distribution histograms also confirmed the slight

increase of the observed Au nanoparticle size.
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Figure 4-16. CO conversion during stability test using WGC 1-Au/TiO: Catalyst.
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Figure 4-17. HAADF-STEM images and Au particle size distribution before and after stability

test of WGC 1-Au/TiOo.
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Conclusions

MARIMO TiO2> NP assemblies with a nanometer-scale concave-convex structure
synthesized by one-pot solvothermal method was used as the catalyst support of Au nanoparticles,
where the Au NPs were loaded on the support by Haruta’s deposition-precipitation method. Larger
amounts and better dispersion of Au nanoparticles on the MARIMO TiO; support were observed
directly by TEM, HAADF-STEM, and EDX measurements as compared with those observed with
commercially available P25 TiO,. The MARIMO TiO,-supported Au nanoparticle catalyst
exhibited higher CO conversion at a wider temperature range than those of Au nanoparticle
catalysts supported on commercially available ST-01 TiO,. The MARIMO TiO»-supported Au
nanoparticle catalyst also showed excellent stability and durability that prevented the sintering of
Au nanoparticles compared to the result obtained with other kinds of support structures as

confirmed by the CO oxidation cycle test.
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CHAPTER V

Conclusions and Recommendations

Summary of the results

Morphology controlled TiO2 nanoparticle assemblies

» Unique nanofiber bundles of TiO> with cheek brush morphology were easily

obtained by simple one-pot and single-step solvothermal method.

The crucial conditions to obtain the uniform cheek brush morphology were
investigated and a plausible mechanism of the structure formation is proposed.
The brush morphology further designed the application of TiO: as a crosslinker in
polymer hydrogel, which significant improvement of tensile strength of the

hydrogel compared to using inorganic crosslinkers with different morphologies.

Surface activation of TiO2 nanoparticle assemblies by facile treatment.

> Facile treatment by APPJ sufficiently removed contaminants on the prepared

spherical mesoporous TiO2 without physical damage on their surface morphologies
and properties.

LDI-TOF MS was firstly applied for the quantification of trace amount
contaminants on porous nanomaterials.

Photocatalytic activities of TiO2 nanoparticle assemblies were significantly
improved by helium APPJ treatment confirming the successful of surface activation

by the facile treatment.
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e Surface activation by deposition of metal catalyst

» Surface roughness containing highly concave-convex structure of the prepared
spherical mesoporous TiO> gave high metal loading and dispersion ability as
compared to TiO, with flat surface, when the surface was deposited by metal
nanoparticle.

» The spherical mesoporous TiO as a metal catalyst support provided high catalytic
activity compared to those of TiO. with different morphology.

» Stability of the prepared spherical mesoporous TiO2 support effectively extended

catalyst lifetime and prevented catalyst sintering.

Conclusions

TiO2 nanoparticle assemblies with controllable morphology were prepared by the simple
one-pot single-step solvothermal method and the applications of each assemblies are depended on
their morphology and surface properties. TiO2 nanoparticle assemblies with three-dimensional
branch morphology named “cheek-brush” have been successfully synthesized and their growth
mechanism and application as a crosslinker to improve mechanical strength of polymer hydrogel
have been proposed. Surface activation was confirmed by facile treatment using atmospheric
plasma on each of previously prepared spherical nanoparticles, of which photocatalytic activities
were significantly improved without any change in morphology and surface properties by the
treatment indicating the new surface treatment method for mesoporous materials. The assemblies
having unique surface roughness from their fine primary particles showed an excellent ability as a

support material for metal nanoparticle. The assembly surface provided good dispersion ability of
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a metal catalyst and high stability under high temperature reaction, resulting in high catalytic

activity and durability of the metal catalyst, respectively.

Recommendations for future studies

According to the tunability of the developed one-pot solvothermal reaction, the
optimization of the reaction can be conduct without complication to obtain various kind of
materials with different morphologies and properties. It would be able to study and prepare many
kinds of interesting advanced materials for specific applications depending on their adjustable
properties. Similarly, since the ability for an effective support material of the synthesized
MARIMO has been proved, other metal; apart from Au metal nanoparticle as a probe material,
should be studied. Also, other methods for further treatments including surface activation may be

applied to enhance their precious properties and explore their wide area of applications in the future.
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APPENDIX A

Size calculation of cheek-brush TiO-

30

25 o

15 4

10 4

g g ® \;\@ 4\%0 ,\’fb@ . & _\?@ g & S 990 , § ,@& /@&3 ,x“@ ’&“ ‘@@ /5,0 ,x“’@
O S R S S RN S A I R U R A
width of assemblies (nm) length of assemblies (nm)
1D Width, W Length, Core length, Fiber length, Wi/La WL Le/Lc Ld/La
(nm) La Le Ls
(nm) (nm) (nm)

1 763.259 1401.563 661.176 370.19 0.54 1.15 0.56 0.47
2 822.024 1426.65 671.797 377.43 0.58 1.22 0.56 0.47
3 595.426 1433.602 668.935 382.33 0.42 0.89 0.57 0.47
4 884.62 1558.468 599.045 479.71 0.57 1.48 0.80 0.38
5 770.447 1364.069 674.886 344.59 0.56 1.14 0.51 0.49
6 619.095 1399.576 655.595 371.99 0.44 0.94 0.57 0.47
7 753.39 1283.196 621.013 331.09 0.59 1.21 0.53 0.48
8 742.772 1392.978 718.514 337.23 0.53 1.03 0.47 0.52
9 605.549 1337.89 656.501 340.69 0.45 0.92 0.52 0.49
10 767.355 1385.802 714.895 335.45 0.55 1.07 0.47 0.52
11 614.54 1391.173 614.54 388.32 0.44 1.00 0.63 0.44
12 790.525 1332.285 592.651 369.82 0.59 1.33 0.62 0.44
13 568.356 1314.975 684.072 315.45 0.43 0.83 0.46 0.52
14 748.569 1481.628 625.91 427.86 0.51 1.20 0.68 0.42
15 851.504 1459.637 682.054 388.79 0.58 1.25 0.57 0.47
16 795.125 1374.939 740.148 317.40 0.58 1.07 0.43 0.54
17 687.145 1186.579 597.419 294.58 0.58 1.15 0.49 0.50
18 960.753 1185.303 701.157 242.07 0.81 1.37 0.35 0.59
19 835.941 1455.727 756.432 349.65 0.57 1.11 0.46 0.52
20 700.849 1331.818 585.312 373.25 0.53 1.20 0.64 0.44
21 674.726 1466.231 675.727 395.25 0.46 1.00 0.58 0.46
22 750.372 1254.45 610.172 322.14 0.60 1.23 0.53 0.49
23 736.012 1302.838 746.364 278.24 0.56 0.99 0.37 0.57
24 689.618 1433.904 696.945 368.48 0.48 0.99 0.53 0.49
25 712.131 1348.511 642.944 352.78 0.53 111 0.55 0.48
26 845.39 1479.365 683.993 397.69 0.57 1.24 0.58 0.46
27 670.508 1300.534 586.695 356.92 0.52 1.14 0.61 0.45
28 722.788 1186.783 582.999 301.89 0.61 1.24 0.52 0.49
29 783.763 1321.697 581.886 369.91 0.59 1.35 0.64 0.44
average 740.09 1365.25 656.20 354.52 0.54 1.13 0.55 0.48
SD 91.62 92.53 52.54 46.32 0.08 0.15 0.09 0.04
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2. Ti(O'Pr)s + diethyl phthalate (5.4 °C/min, 300 °C, 10 min)

20 25
15 4 20 4
15 |
10 4
10 A
5
5 o
0 T T T 04
N] O ] N} S O S N} o Q) o Q o Q
Q\fbﬁ 6”\;\% ,\o\:\% 4@\&’@ %@&? %")\’9@ q@}g" Q\@ '\)&{0 x"'@ y\’s’ \;\@Q x”@ v\"&) v\’w% \;Cp 5 g x@
P SR O S A A
width of assemblies (nm) length of assemblies (nm)
ID Width, W Length, Core length, Fiber length, Wi/La Wi/Lc LiLc Le/La
(nm) La Lc Lt
(nm) (nm) (nm)
1 629.07 1011.96 506.22 252.87 0.62 1.24 0.50 0.50
2 633.77 1027.62 516.65 255.49 0.62 1.23 0.49 0.50
3 640.43 1154.67 478.65 338.01 0.55 1.34 0.71 0.41
4 671.99 1094.62 506.86 293.88 0.61 1.33 0.58 0.46
5 709.49 1231.75 641.79 294.98 0.58 111 0.46 0.52
6 734.51 1197.20 611.75 292.72 0.61 1.20 0.48 0.51
7 735.03 991.94 486.49 252.73 0.74 151 0.52 0.49
8 775.45 1379.15 699.41 339.87 0.56 1.11 0.49 0.51
9 791.40 1150.92 561.52 294.70 0.69 1.41 0.52 0.49
10 796.74 1191.55 528.93 331.31 0.67 1.51 0.63 0.44
11 818.97 1046.30 602.02 222.14 0.78 1.36 0.37 0.58
12 865.96 1263.89 568.79 347.55 0.69 1.52 0.61 0.45
13 874.41 1096.66 613.88 241.39 0.80 1.42 0.39 0.56
14 877.98 1300.87 583.94 358.46 0.67 1.50 0.61 0.45
15 886.86 1216.63 646.69 284.97 0.73 1.37 0.44 0.53
16 908.83 1151.39 538.57 306.41 0.79 1.69 0.57 0.47
17 938.93 1033.29 483.29 275.00 0.91 1.94 0.57 0.47
18 941.85 978.91 588.91 195.00 0.96 1.60 0.33 0.60
19 952.54 999.46 638.69 180.38 0.95 1.49 0.28 0.64
20 962.57 1298.94 741.00 278.97 0.74 1.30 0.38 0.57
21 1028.81 1245.85 641.79 302.03 0.83 1.60 0.47 0.52
22 1035.32 1220.32 612.33 303.99 0.85 1.69 0.50 0.50
23 1040.56 1029.73 678.11 175.81 1.01 1.53 0.26 0.66
average 837.02 1144.07 585.92 279.07 0.74 1.44 0.49 0.51
SD 130.56 115.71 72.70 51.26 0.13 0.20 0.11 0.06
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3. Ti(O'Pr)s + methyl benzoate (5.4 °C/min, 300 °C, 10 min)

25

20 A

15 9

10 4

25

20 4

15
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\%@

N:\,,)Q \’@ R & @@ @@ \,@0 S N\?Q Q@ Q@ &9 0@ @,,Q \%@ Q;,Jc \/@e \}{,,% \(PQQ Né,q \3:@ @’Q ([\Qq d,)e
&9 S & H & o AR A AN A A A M AN AL AN AP AP A
2 N N N N AN R RN N N S SN
width of assemblies (nm) length of assemblies (nm)
ID Width, W Length, Core length, Fiber length, WI/La Wi/Lc Li/Lc Le/La
(nm) La Le Lt
(nm) (nm) (nm)
1 981.583 1616.043 607.634 504.20 0.61 1.62 0.83 0.38
2 881.313 1360.396 663.935 348.23 0.65 1.33 0.52 0.49
3 963.401 1159.167 614.866 272.15 0.83 1.57 0.44 0.53
4 1042.753 1365.972 629.937 368.02 0.76 1.66 0.58 0.46
5 1064.624 1541.8 655.477 443.16 0.69 1.62 0.68 0.43
6 959.392 1137.478 666.851 235.31 0.84 1.44 0.35 0.59
7 1150.765 1786.096 1047.138 369.48 0.64 1.10 0.35 0.59
8 892.165 1603.569 756.286 423.64 0.56 1.18 0.56 0.47
9 1106.829 1600.018 898.757 350.63 0.69 1.23 0.39 0.56
10 1030.454 1061.074 583.003 239.04 0.97 1.77 0.41 0.55
11 1188.105 1391.272 855.363 267.95 0.85 1.39 0.31 0.61
12 835.403 1364.017 619.278 372.37 0.61 1.35 0.60 0.45
13 700.636 1207.078 631.347 287.87 0.58 1.11 0.46 0.52
14 885.66 1700.81 636.89 531.96 0.52 1.39 0.84 0.37
15 868.118 1338.249 688.543 324.85 0.65 1.26 0.47 0.51
16 799.251 1118.679 665.624 226.53 0.71 1.20 0.34 0.60
17 903.641 1450.583 705.79 372.40 0.62 1.28 0.53 0.49
18 1008.691 1602.326 659.329 471.50 0.63 1.53 0.72 0.41
19 1126.111 1374.882 703.6 335.64 0.82 1.60 0.48 0.51
20 1152.096 1366.287 696.715 334.79 0.84 1.65 0.48 0.51
21 995.367 1266.189 750.027 258.08 0.79 1.33 0.34 0.59
22 1075.631 1534.784 699.74 417.52 0.70 1.54 0.60 0.46
23 840.572 1228.343 611.022 308.66 0.68 1.38 0.51 0.50
24 1128.297 1505.478 682.697 411.39 0.75 1.65 0.60 0.45
25 1176.105 1614.986 737.905 438.54 0.73 1.59 0.59 0.46
26 1060.724 1065.513 651.021 207.25 1.00 1.63 0.32 0.61
average 992.99 1398.50 696.88 350.81 0.72 1.44 0.51 0.50
SD 129.99 203.35 101.71 87.77 0.12 0.19 0.15 0.07
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4. Ti(OBu)s + dimethylphthalate (5.4 °C/min, 300 °C, 10 min)

35 35

30 A 30 A

25 | 25 4

20 A 20 4
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S QQ,\% \)‘:ﬁgh "P\’Sﬂ %%,\’,Q: @N’So G’\’i\ ,\6‘;\ %%QSO S @Fo b(’:g’,\ X Q9f\ ,\%Qﬁ’ s @Sb
width of assemblies (nm) length of assemblies (nm)
ID Width, W Length, Core length, Fiber length, WI/La Wi/Lc Li/Lc Le/La
(nm) La Le Lt
(nm) (nm) (nm)
1 703.005 816.086 370.184 222.95 0.86 1.90 0.60 0.45
2 554.789 670.911 357.258 156.83 0.83 1.55 0.44 0.53
3 624.094 649.051 615.111 16.97 0.96 1.01 0.03 0.95
4 563.726 747.233 374.609 186.31 0.75 1.50 0.50 0.50
5 444.473 709.508 434.265 137.62 0.63 1.02 0.32 0.61
6 417.97 835.326 329.154 253.09 0.50 1.27 0.77 0.39
7 585.312 813.699 359.069 227.32 0.72 1.63 0.63 0.44
8 615.463 767.777 350.694 208.54 0.80 1.75 0.59 0.46
9 539.631 849.407 356.274 246.57 0.64 151 0.69 0.42
10 595.38 664.193 318.05 173.07 0.90 1.87 0.54 0.48
11 586.695 713.95 411.98 150.99 0.82 1.42 0.37 0.58
12 528.143 655.595 307.863 173.87 0.81 1.72 0.56 0.47
13 706.99 846.252 477.811 184.22 0.84 1.48 0.39 0.56
14 664.355 681.42 416.156 132.63 0.97 1.60 0.32 0.61
15 571.769 717.987 321.514 198.24 0.80 1.78 0.62 0.45
16 566.213 554.643 232.457 161.09 1.02 2.44 0.69 0.42
17 567.738 714.404 291.268 211.57 0.79 1.95 0.73 0.41
18 420.034 779.338 305.926 236.71 0.54 1.37 0.77 0.39
19 539.38 558.381 307.16 125.61 0.97 1.76 0.41 0.55
20 665.656 789.67 329.154 230.26 0.84 2.02 0.70 0.42
21 540.681 806.093 266.262 269.92 0.67 2.03 1.01 0.33
22 506.948 608.398 240.792 183.80 0.83 211 0.76 0.40
23 647.049 619.619 294.863 162.38 1.04 2.19 0.55 0.48
24 451.29 797.737 372.657 212.54 0.57 1.21 0.57 0.47
25 568.071 827.266 417.194 205.04 0.69 1.36 0.49 0.50
26 487.44 799.395 476.962 161.22 0.61 1.02 0.34 0.60
27 626.039 820.148 365.557 227.30 0.76 1.71 0.62 0.45
average 566.23 733.83 359.27 187.28 0.78 1.64 0.56 0.49

SD 78.54 88.56 80.79 51.31 0.15 0.37 0.20 0.12
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APPENDIX B

APPJ treatment on hollow spherical TiO2 nanoparticle assemblies

Sample: Hollow TiO, MARIMO Treatment conditions: - He flow rate 1.62 L/min
- 60 min freatment time
- 2 cm working distance
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Figure B-1 Photocatalytic activity of hollow MARIMO TiO2, before and after APPJ

treatment, in methylene blue degradation.

Sample: Hollow TiO, MARIMO Treatment conditions: - He flow rate 1.62 L/min
- 60 min treatment fime

- 2 cm working distance
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Figure B-2 Concentration and logarithmic plot of methylene blue degradation using hollow

+ The degradation was improved 2 times within Th.

MARIMO TiOg, before and after APPJ treatment, as photocatalysts.
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Sample preparation 1 cm? of 10 pL drop of sample suspension

&l

ITO glass

Measurement:

Electrolyte solution

- 0.1 M triethylamine
-0.1 M KCI

solid TiO,

Before plasma

After plasma

Before measurement After measurement

Electrodes containing TiO, MARIMO

Hollow TiO,

Before plasma

After plasma

Before measurement After measurement

Figure B-3 Transient photocurrent response electrodes comparing between using solid and

hollow MARIMO TiO., before and after APPJ treatment, as photocatalysts.
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Figure B-4 Transient photocurrent responses comparing between solid and hollow MARIMO
TiO3, before and after APPJ treatment, as photocatalys.
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APPENDIX C

Catalyst preparations

HAuCl,-4H,0 H,0
0029 +q9omL Solid NaOH (1M)
(0.048 mmol) MARIMO 400 pL
1 9 Check by pH meter
disperse pH 8.2
H,0 N
100 mL 10 min sonication Age for 1 h, at 70 °C

Wash by water

! &4 Flask covered &

. L g7/ ith plasti

A VM‘ gﬁ O e 6600 rpm
= ¥

300 mL flask
W)

centrifugation

(4 times)
L S— | —
Vacuum drying
12 h, RT
KUTFD3-123B « KUTFD3-123A

Calcine at 300 °C N

OENG
O

Figure C-1 An example of preparation procedure for 1-Au/MARIMO.

(b)

100 nm

Impregnation method
(Only physical adhesion
between Au and TiO2
support)

i

Deposition-precipitation method (hand mixing only)

Figure C-2 TEM images showing poor Au dispersion with large size Au particles on
MARIMO prepared by (a) impregnation method and (b) deposition-precipitation method

without sonication mixing.
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Apparatus for CO oxidation

Figure C-3 Photographs of gas phase reactor for CO oxidation (BELCATII, Microtrac

BEL Corp.) and the catalyst setting.
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Characterization/Evaluation of catalysts after CO oxidations and stability test

5-Au/MARIMO

O (38.0 wi%) Ti (55.8 wi%) Au (6.3 wi%)

5-Au/ST-01

O (41.1 wi%) Ti (50.6 wi%) Au (8.3 wi%)

5-Au/P25

O (48.4 wi%) Ti (48.3 wi%) Au (3.3wl%)

Figure C-4 HAADF-STEM images and EDX mappings of Au/TiO: catalysts after 400 °C

CO oxidation.
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1-Au/MARIMO

100 nm  200m

1-Au/ST-01
(C)

Figure C-5 TEM images of 1-Au/MARIMO (a-d) and 1-Au/ST-01 (e-h) after stability test.
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Figure C-6 CO conversion (a), and its decrease (b) during stability test using different type

of Au/TiOo.
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Figure C-7 CO conversion during stability test using different type of 5wt% Au/TiO2

catalysts.
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Figure C-8 HAADF-STEM images and Au particle size distribution comparing between
5-Au/MARIMO, 5-Au/P25, and 5-Au/ST-01 before and stability test.
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Figure C-9 X-ray diffraction patterns of 5wt% (a) AU/MARIMO, Au/ST-01, and Au/P25

comparing between as-prepared samples and the samples after stability test.
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