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Abstract

This thesis is concerned with particle-based functional materials for automotive
applications. To produce next-generation automobiles, automotive manufacturing industries
must overcome several key challenges, including improving productivity while reducing
energy consumption and producing automobiles that are attractive and functional for
customers. In addition, automotive manufacturing industries must develop strategies to
reduce the environmental impact related to the manufacture, use, and disposal of
automobiles. For these missions, materials development plays an important role. In
particular, functional materials composed of particles and polymers are becoming
increasingly important. Particle-based functional materials used in automobiles include
interior/exterior coating films, electrodes for rechargeable batteries and fuel cells,
exhaust-gas purification catalysts, and capacitors. Thus, the present study details research
and development for three major issues related to such materials. The primary purpose of
this thesis is to demonstrate new colored materials and functional materials for use in
interior/exterior coatings of automobiles. To solve the problems of high performance and
high-speed production of electrodes for fuel cell vehicles, a secondary purpose is to control
the rheological behavior of electrode precursors (catalyst ink) and the cracking behavior of
electrodes (catalyst layer) by controlling the aggregation of particles.

First, consumer desire for attractive colors necessitates the development of new
alternatives to traditional pigments that contain heavy metals, which may be toxic, and to
dyes that fade easily under extended exposure to UV light. Therefore, I here propose three
types of new colored materials. Specifically, I demonstrate new colored materials that
exhibit brilliant color changes, without dyes or pigments, covering the whole visible region
in response to temperature changes. The response is achieved through changes in both the
diffraction properties and the wavelength dispersion of the refractive index. The newly
prepared colored materials can be formed into any shape and exhibit a stable color for an
extended period. They therefore have potential applications as interior/exterior materials. In
addition, a new colored material consisting of a particle gel network and a liquid crystal that
can undergo changes in color covering the whole visible region and can exhibit an opaque
milky color in response to temperature variation is also presented. This material has an
angle independent color and can function as a multicolor polymer-dispersed liquid crystal.
This system might be suitable for use in energy-saving multicolor displays for automotive
interior decoration. In addition, the novel pigments synthesized in the present work
represent environmentally friendly and nonfading pigments composed of black graphite

nanosheets (GNSs) and TiO. The black GNSs enhance the interference color contrast and



the randomly oriented GNS pigment exhibits angle-independent color in the coating film by
diffuse reflection. Thus, these novel pigments have potential applications as interference
pigments for automobile paints.

Second, interior/exterior coatings need to be long-lasting and remain scratch-free. Scratch
resistance has therefore become one of the most important properties of automotive
coatings. Hence, [ propose novel coatings with scratch-recovery characteristics that enable
surface deformations to recover over time, eventually becoming invisible to the naked eye. I
explore the remarkable improvement in scratch-recovery characteristics without sacrificing
hardness by using a base resin with a siloxane main chain instead of a carbon—carbon main
chain such as that of an acrylic polyol. The newly prepared coatings have potential
applications in automobile coatings because they exhibit both sufficient hardness and
scratch recovery characteristics superior to those of conventional coatings.

Third, because agglomerated structures of carbon-black-supported Pt (Pt/C) nanoparticles
in catalyst inks affect their productivity and performance, identifying and controlling the
structural parameters that control the dispersion state of Pt/C agglomerates is important.
Thus, I propose solutions to quality control problems related to the high viscosity of the
catalyst ink, which leads to difficulty in slot-die coating, where cracks formed in the catalyst
layer during drying can adversely affect performance and durability. I show that the
agglomerate structures can be controlled by the effects of adsorbed and nonadsorbed
ionomers on the Pt/C surface, leading to changes in the rheological behavior of the catalyst
ink and in the crack behavior of the catalyst layer. The research presented herein
demonstrates that catalyst inks with the desired viscosity in the stable coating window can
be obtained by increasing the affinity between the Pt/C and ionomers by changing the water
content in the dispersion medium. Moreover, I suggest a useful index for understanding the
cracking behavior of catalyst layers and possible measures for preventing catalyst-layer

cracking, including increasing the affinity between the Pt/C and the ionomers.
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Chapter 1: General Introduction

1.1 Background

To produce next-generation automobiles, the automotive manufacturing industry must overcome
several key challenges, including improving productivity while reducing energy consumption and
producing automobiles that are attractive to and functional for customers. In addition, the automotive
manufacturing industry must develop strategies to reduce the environmental impact related to the
manufacture, use, and disposal of automobiles. These strategies are summarized in Figure 1.
For these objectives, materials development plays an important role. In particular, functional
materials composed of particles and polymers are becoming increasingly important. Particle-based
functional materials used in automobiles include interior/exterior coating films, electrodes for
rechargeable batteries and fuel cells, exhaust-gas purification catalysts, and capacitors (Figure 2).

Examples of particle-based functional materials are discussed as follows.

Environmental Productivity

impact

*Reduced CO,, VOC emissions
+Compliance with rules and
regulations

+Reduced energy consumption
*Reduced cost

Product appeal

+ Attractive color design and function

Figure 1. Key elements of automotive product development
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(1) Interior/exterior coating films: The appearance of an automobile, which is related to the coating
films on its surfaces, is an important factor influencing customers’ purchase decisions. The
coating film on the exterior of an automobile is a particle-based functional material composed
of a polymer and particles such as pigments. The development of pigments and colored
materials has led to new appearance options for automobiles. Since 2000, the development of
next-generation automotive coating films has been strongly focused on environmental issues
such as reducing CO:z and volatile organic compound (VOC) emissions during the manufacture
of films, avoiding the use of harmful substances, and responding to the diverse needs of
customers. In recent years, adding value by using new colored materials and new functional

materials has become a priority.

(2) Electrodes for rechargeable batteries and fuel cells: Since the beginning of the automotive
industry ~100 years ago, automotive technology has focused on internal combustion engine
vehicles (ICEVs). However, reductions in CO2 emissions by improving existing techniques are
approaching their limit; numerous countries have announced that they will ban ICEV sales
before 2030. Therefore, the development of next-generation cars is urgently needed in the
automotive industry[1]. Since the 2000s, fuel cell vehicles (FCVs), plug-in hybrid vehicles
(PHEVs, PHVs), and battery electric vehicles (BEVs, EVs) have become commercially
available. However, further advances in the performance of batteries and in high-speed
techniques for mass production are required. Electrodes are particle-based functional materials
prepared by dispersing particles and polymers in a solvent, coating them onto a substrate, and
drying them. The evolution of these materials and production technologies has led to
innovations in next-generation automobiles. Because the structure of electrodes changes not
only with the material but also with the production method, which also affects the electrodes’
electrochemical performance, the structure of electrodes and precursors should be controlled to

enable the high-performance and high-efficiency production of next-generation automobiles.

(3) Exhaust-gas purification catalysts: With increasing traffic, air pollution caused by automotive
exhaust gas has become increasingly problematic [2]. Exhaust-gas purification catalysts have

been developed and introduced to reduce the emissions of harmful components of automotive
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exhaust [3, 4]. A monolithic three-way catalyst is a particle-based functional material composed
of a powdered catalyst and polymers coated onto a honeycomb-structured ceramic support.
Changing the solvent composition, material, or slurry process can lead to particle aggregation
and structural changes that adversely affect catalytic performance. Therefore, the

dispersion/aggregation state of the particles in the slurry must be controlled.

(4) Capacitors: The number of electronic components in automobiles is increasing each year, and
multilayer ceramic capacitors are used in electronic control modules [5, 6]. Approximately 1000
multilayer ceramic capacitors are used in each ICEV, but ~10,000 will be used in each EV. The
ceramic layer in multilayer ceramic capacitors is composed of ceramic particles and a polymer
that binds the particles together [5]. The dispersed state of ceramic particles in a slurry also
affects their structure and performance after sintering. Better understanding and control of the

dispersed state of the particles is needed.
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(a) Interior/exterior coating films

e %
SRS N, )/
DIC corporation in|

Pigment Paint

Polymer Pigment

(b) Electrodes for rechargeable batteries and fuel cells

Catalyst
or
Active materials

Binder

%:>

TANAKA HOLDINGS

Catalyst
or Electrodes
Active materials

(c) Exhaust-gas purification catalysts

Catalyst

NORITAKE CATALER CORPORATION Monolithic support

Catalyst and co-catalyst Monolithic automotive
three-way catalyst Co-catalyst

(d) Capacitors

Electrode

Ceramic
layers

Ceramic layers
Ceramic powder Electrode layers

M. J. Pan et al, IEEE Electrical Insulation Magazine, 2010, 26, 44-50

Figure 2. Particle-based functional materials for automotive applications
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Particle-based functional materials are commonly used in automobiles. Given the changes in the
environment surrounding automobiles, the importance of particle-based functional materials will
continue to increase. Two objectives guide the future development of particle-based functional
materials. The first objective is to develop the functions of materials to add value and improve
performance. The development of new materials themselves is important, and functionalization can
also be achieved by modifying the polymers, coarsely aggregating each particle, and arranging the
particles, among other approaches. The second objective is to develop a production technology for
obtaining a desired structure. The relationship between performance and processing methods is not
fully understood because conventional development is based on trial-and-error approaches. As the
importance of particle-based functional materials increases, each process needs to be understood and
controlled. A production technology of particle-based functional materials is a key technology for
achieving both high performance and high productivity of next-generation automobiles [7].
Furthermore, the use of harmful organic solvents should be reduced as much as possible and
processes should be transitioned to water-based systems. The use of high-solid systems that involve
minimal amounts of solvents will shorten drying times and reduce energy consumption, thereby
reducing costs [8, 9]. Even if the methods and conditions are changed, a systematic understanding is
required to enable stable production of particle-based functional materials with a desired structure.

Thus, the present study details research and development effects to address three major issues
related to such functional materials. The background of each field, previous research, and unresolved

problems are discussed in the following subsections.
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1.2 Automotive coatings
1.2.1 Recent trends in interior/exterior coatings

The purpose of applying a coating to the exterior of an automobile is to provide an attractive
appearance and protect the steel substrate from external factors. A typical coating system for an
automotive exterior is composed of an electrodeposition (ED) layer, primer, and topcoat, whose
compositions depend on the required function of each layer, as shown in Figure 3. The ED layer is
corrosion resistant and prevents the steel substrate from rusting. This function was remarkably
improved by the introduction of cationic electrodeposition coatings and the rotary bell atomizer in
the 1980s. The primer layer has properties that render it resistant to stone chipping and conceal
unevenness, leading to a smoother surface and preventing degradation of the ED layer by blocking
UV light. The topcoats enhance the appearance (e.g., brilliance, gloss, color, and visual effect) of the
coating. The topcoats are applied as a basecoat containing dispersed pigment and a polymer and a
transparent clearcoat without pigment, followed by single curing in an oven. In the late 1980s, a new
type of coating material with improved anticorrosion performance and durability was developed and
introduced, thereby satisfying a basic level requirement for coatings. To satisfy diverse customer
needs, new colored materials and functional materials that provide additional value for automobiles
are required.

In addition, lightweight plastics have been widely used to improve fuel efficiency [10]. Plastics do
not need to be painted and cured in an oven because they do not rust. One option to reduce the
emission of VOCs and COz during the manufacture of automobiles is to replace coating methods
with a dry decoration method, which involves no or very small amounts of solvents. The dry
decoration method is included decorative film method which decorative film are adhered or
transferred onto the substrate and molded into color plastics method which used to precolour
polymers with pigment in the plastic injection molding process [11] (Figure 4). Decorative films have
already been used as interior materials, which have lower durability requirements than exterior
materials. In recent years, the quality and durability of decorative films have improved, resulting in
their use in exterior applications. The demand for the decorative method as an alternative to painting
will continue to increase.

The use of lights and displays in automobile interiors (e.g., interior ambient lighting, central

information displays, instrument clusters, and electric mirrors) is also increasing with the
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development of autonomous driving technology. Promoting the "fun to drive" factor of automobiles
will require the development of materials and displays whose colors and effects change in response
to the location, music, and mood. Such materials enable the production of a passenger compartment

that suits individual tastes and purposes.

[ Structure] [Function]
cl t 30-40 Scratch resistance,
earcoa —40 pm
Topcoat gjrastzﬁtrency, Color effect
y Visual impression

Basecoat 15-20 pm |_|]\
1

Y
UV resistance,

Primer > 30-40 um anti-stone chipping,
smoothing

ED layer > 15-25 um Corrosion

resistance

1
Substrate
Figure 3. Structural composition of car paint
(a) Decorative films for exterior surfaces (b) Molded-in color plastic for interior surfaces
roof /

Source: Mitsubishi Chemical Corporation

Source: Daihatsu Motor Co., Ltd.

Figure 4. Decoration methods as alternatives to painting
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1.2.2 Recent trends and present issues related to pigments and decorative materials

Figure 5 shows conventional pigments used in automotive coatings. Absorption pigments are used
to impart color, and approximately 50 types of inorganic and organic pigments with excellent weather
resistance have been developed [12, 13]. However, the development of new pigments is stucking
because it needed to overcome high-level of color brightness and durability of the existing pigments.
Conventional pigments for achieving a luster effect are classified into two types: pearl pigments and
metallic-effect pigments. Pearl pigments are transparent flaky substrates coated with a film of metal
oxide aligned parallel on the surface of a coating film, resulting in a natural pearl-like appearance
because of interference color corresponding to the thickness of the metal oxide film [14-16]. Metallic-
effect pigments are composed of aluminum flakes that are aligned parallel on the surface of a coating
film, resulting in a shiny metallic luster effect because of the strong reflection of light.

In the 1980s, a substantial advancement in pigments was the improvement of the durability and
orientation control technology of aluminum flake [17], and the improvement of the durability and
brightness of highly saturated absorption pigments. In the 1980s, Toyota launched titanium dioxide-
coated micas as pigments for automotive coatings. Since then, the development of new colors has
been based on improvements in the aforementioned pigment types [18, 19].

Because automobiles are stored or used outdoors for long periods, pigments that do not fade are
desired. In addition, among the pigments used thus far, many are being banned because they contain
toxic heavy metals. Thus, brightly colored materials that are nonfading and nontoxic have potential
applications as colored materials for automobiles. Structural colored materials are among the most
promising candidates. The color of structurally colored materials originates from their microstructure,
which has a length scale comparable to the desired optical wavelength, enabling them to exhibit color
through optical effects such as the interference, refraction, or diffraction of light (Figure 6). Various
pigments or films with structural color have been introduced and used as interior materials for
automobiles (Figure 7). However, structural-colored materials face several unresolved problems.
First, because microstructure should be made, the large-scale production of structural-colored
materials is difficult, which makes them expensive. A colored material that can be easily prepared
via a self-assembly method would be a candidate for use in automotive applications. Second,
structural materials composed of transparent or white materials exhibit a milky-white appearance that

may be difficult to distinguish by the naked eye. To address this issue, researchers have used black
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materials that absorb transmitted light and reduce scattering light [20-28]. Third, pigments exhibit
color that changes with the viewing angle, which may not be desirable depending on the color design
and the application (e.g., optical devices, labels, and sensors) (Figure 8). Some solutions have been
proposed to address these issues [29-34]. A colored material that solves these problems could

potentially be used as an interior/exterior material.

(a) Absorption pigments

Color though absorption of light

3L l'\;“l‘k . E
* DIC corporation

(b) Pearlescent pigments  Color and shine through interference effects

A\

NIHON KOKEN KOGYO

(c) Metallic-effect pigments
Metallic shine through reflection of light

\v_/‘y

TOYOTA motor corporation

TOYO ALUMINIUM KK

Figure 5. Optical properties of conventional pigments for automobiles
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Compact disc

mA=dsin@

Morpho butterfly

S. Kinoshita et al., ChemPhysChem, 2005, 6, 1442-1459.

reflection

mA=2nd cosé@

IIIIII
mA=2d cos@

Opal

F. Marlow et al., Angewandte Chemie International Edition, 2009, 48, 6212-6233.

Figure 6. SEM images of structural coloration

(a), (b) Diffraction; (c), (d) interference; (e), (f) Bragg’s law, where m is the order number, 4 is
the wavelength of light, d is the interplanar distance, and @ is the diffraction angle.

(a), (c), (e) Schematics; (b), (d), (f) photographs and SEM images.
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TOPPAN PRINTING CO., LTD.

KYOCERA Corporation Soken Chemical & Engineering Co., Ltd

o

Dial of watch Emblem

Mitsuoka Motor Co., Ltd.

Figure 7. Structural color materials expected to be used in commercial applications.
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O. Sato et al. Chem. Mater. 2002, 14, 760-765.

Figure 8. Angle dependence of structural color: Variations in the pattern's spacing often give
rise to an iridescent effect because the reflected color depends upon the viewing angle. (a)
Picture of a silica colloid film. (b) Transmittance spectra of a colloid gel.
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1.3 Recent trends and present problems with functional coatings

Future automotive coatings should have new functions to meet the increasingly diverse needs of
customers. Thus far, various functional coating films have been developed (Table 1). For example,
the method of controlling the wettability of the surface has been applied to functional coating films,
and the resultant hydrophobic coating films have been used to prepare drip-proof surfaces, prevent
snow accretion, and prevent fingerprint adhesion. Hydrophilic coating films have been used for
cloud-proof coatings and self-cleaning coatings [35-39]. To prevent temperature increases in interior
spaces in hot weather, solar or infrared reflective coatings that reflect infrared solar radiation have

been developed.

Table 1. Functional coating technology

Category Properties
Mechanical& Scratch resistance, Self-healing, Anti-dirt, Super-
Chemical hydrophobic or hydrophobic, Snow accretion prevention

Luminescent, Fluorescent,
Optical Structure color, Mat,
Stimuli-responsive color, Bioinspired color

Electrical Antistatic, Electromagnetic wave shielding

Heat Solar or heat reflective, Infrared reflective

Consumer surveys have revealed that scratch resistance is one of the most important properties of
automotive coatings (Figure 9) [40, 41]. Scratches in these coatings are classified into two types:
fracture-type scratches and deformation-type scratches. For fracture-type scratches, self-repairing
coatings containing oxetane, which re-forms a crosslinked network under exposure to ultraviolet light
after the coating has been scratched, has been proposed [42]. Moreover, self-healing coatings
containing a microencapsulated monomer and catalyst that re-form the crosslinked network
underupon heating after the coating has been damaged have also been developed [43]. However,

some unresolved problems related to durability and appearance impede the commercialization of
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these coatings. For deformation-type scratches a few microns deep, such as scratches created by car
washing or by blown sand and dust, a scratch-resistant coating has been developed and introduced
onto the market (Figure 10) [44].

One of the most popular methods of obtaining coatings with high scratch resistance is to use a
polymer with a high crosslink density or low glass-transition temperature (7g)[45]. Increasing the
crosslink density increases the toughness of a coating, thereby improving its scratch resistance.
However, decreasing the 7; increases the flexibility of coatings, reducing the stress concentration and
making the coating more difficult to rupture. Moreover, a lower T; increases the speed of scratch
recovery [46-48]. Low-T; coatings such as rubber exhibit fast recovery characteristics but lack
sufficient hardness. The high molecular mobility at room temperature leads to practical problems of
poor chemical resistance and permanent soiling of soft surfaces. Therefore, these approaches are not
satisfactory solutions for increasing scratch resistance. Moreover, they do not address large, easily
visible deformation-type scratches caused by keys, fingernails, tree branches, or shopping carts [40].
Self-recovery coatings that exhibit fast recovery characteristics for large deformation-type scratches
and that satisfy all of the requirements for high-level scratch-resistance performance are needed for

next-generation coatings.

What do you want for automotive coating?

z Scratch resistance:

Most important issue

Scratch resistance

Based on J. Ogawa et al. Toyota Technical Review 2011, 57, 82-87.

Figure 9. Customer needs survey for Japan, USA, Germany, France, and England.
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Scratch Shield (Nissan) Self-restoring Coat (TOYOTA)

Conventional coating Scratch-resistant coating

After the equivalent of 50 car washes (Nissan test results)

\

LTV R L
¢ 1 d l.q
1

Source: Nissan Motor Corp.

Figure 10. Commercialized scratch-resistant coating
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1.4 Fuel cell vehicles
1.4.1 Advantages of fuel-cell vehicles

FCVs use a fuel-cell stack, which produces electricity via a chemical reaction between hydrogen
and oxygen, as the power source for their electric traction motor. FCVs are promising next-generation
vehicles because, during operation, they do not emit CO2, which is a major cause of global warming,
or SOz and NOx, which are atmospheric pollutants; their only byproduct is water. Table 2 shows a
comparison of EVs and FCVs [49]. The apparent advantages of FCVs over EVs include greater
energy efficiency, rapid startup at subfreezing temperatures (cold start-up) [50], a long driving range
of more than 600 km, and a short recharge time ~3 minutes to refuel a tank of hydrogen, which is

similar to the refueling time of an ICEV [51, 52].

Table 2. Comparison between EV and FCV

FCV EV
Well-wheel energy
efficiency from natural 36% 24%
gas

Driving range 600 km 200 km
Recharge time 3 min 8h
Cold start -30° C 0° C

Infrastructure ® ©

Y. Morimoto et al. presented at ACEPS2017,2017/8/22, GYEONGJU, KOREA.

Figure 11 shows the difference between cruising range and cost [49]. EVs have a lower cost when
the cruising range is short because they require only a small number of batteries; however, when the
cruising range is long, additional batteries are required, which increases the cost and weight, resulting
in lower fuel consumption rate in EV. FCVs require a stack and hydrogen tank irrespective of their
cruising range; thus, their cost is high at low cruising range but their cruising range can be easily
extended by increasing the tank capacity. Thus, FCVs are better positioned for use as long-distance,
large vehicles, whereas EVs are better positioned for use as short-distance, urban vehicles (Figure

12). The threshold will change depending on the future performance and cost of both EVs and FCVs;
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however, the threshold is expected to approach 200 km, and this trend will not change. An FCV
named MIRAI was launched in the mass market by Toyota in 2014. Hydrogen stations have been
developed, and they are currently in the stage of dissemination and practical application. However,
several challenges need to be overcome, such as reducing the production cost of fuel cell stacks and
hydrogen tanks and increasing vehicle performance, durability, and reliability [53, 54]. New facilities

for hydrogen storage or filling stations for hydrogen must also be constructed [55].

FCV

Driving Range

Y. Morimoto et al. presented at ACEPS2017,2017/8/22, GYEONGJU, KOREA.

Figure 11. Comparison between an electric vehicle (EV) and a fuel-cell vehicle (FCV)
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size trucks

.

Delivery * Buses

trucks
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Small Short-
delivery distance
vehicles vehicles

Driving’
Hyorogen T cistanco

Source: Toyota Motor Company

Figure 12. Strategy of next-generation vehicle development

(BEV = battery electric vehicle, FCEV = fuel-cell electric vehicle)

19



Chapter 1: General Introduction

1.4.2 Components of a polymer electrolyte fuel cell

The polymer electrolyte fuel cell (PEFC) is a promising power source because it operates at a
relatively low temperature and has become sufficiently mature and robust to be used in automotive
applications [56]. Figure 13 shows the principle of electric power generation by a typical PEFC.
PEFCs comprise an anode and a cathode separated by a polymer electrolyte membrane. When
hydrogen is supplied through the anode, the catalyst dissociates the hydrogen into protons (H") and
electrons (). Because only H' can flow through the polymer electrolyte membrane, the electrons
can be drawn as a source of electricity flowing through a load circuit to the cathode, where water is
formed by the reaction between protons and oxygen at the catalyst surface. The gas diffusion layer
(GDL) and a microporous layer (MPL), which is a porous material, are located between the catalyst
layer and the flow channel. These layers prevent water from condensation, thereby promoting water

evacuation and facilitating gas transport to the catalyst layer.

< W

Gas diffusion layer Gas diffusion layer

1
Anode Cathode

H, — 2H* + 2e~| 4e- + 4H* + 0, — 2H,0

Polymer electrolyte
membrane

Figure 13. Schematic of a polymer electrolyte fuel cell
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1.4.3 Current problems in controlling catalyst ink formation and the catalyst layer
structure

Catalyst layers are formed from catalyst inks consisting of carbon-black-supported platinum (Pt)
nanoparticles (Pt/C), perfluorinated sulfonic acid ionomers, and a dispersion medium (Figure 14).
Two coating processing methods have been developed for catalyst layers: direct coating onto the
membrane or GDL, and decal transfer to the membrane. The catalyst layer needs to appropriately
distribute the Pt/C and ionomer while also controlling the pore structure because the electrochemical
reaction occurs in the reaction field (three-phase boundary) of the catalyst, ionomer, and gas phase.
Increasing the area of the three-phase boundary with a well distributed catalyst leads to improved
electrode performance. The formation of pathways in the Pt/C and ionomer is critical for
electrochemical reactions because pathways enable the smooth flow of protons and electrons [57, 58].
The porosity and pore diameter should be optimized to improve the gas and water transportation
efficiency (Figure 15). As previously described, controlling the electrode structure requires accurate
control of the characteristics of the catalyst ink, which is a precursor for an electrode, although the
catalyst ink changes with time. Moreover, because this catalyst ink is black and opaque, its direct
observation or characterization using optical measurements is difficult. To address this problem,
researchers have examined ink formation using dynamic light scattering (DLS) [59], ultra-small-
angle neutron scattering [60, 61], ultra-small-angle X-ray scattering [62], and transmission electron
microscopy [63, 64] (Figure 16). These techniques require the sample to be sufficiently diluted
(typically <1 wt%) [65, 66] to allow light or a beam to pass through the sample without substantial
scattering. However, the agglomerated structures of Pt/C in catalyst inks are not yet fully understood
because of a lack of evaluation methods that do not involve dilution, especially for high-concentration

catalyst inks used in manufacturing processes.
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B o
Pt/C particles lonomer Dispersion medium

il

! Mixing '

Fuel-cell vehicle

Catalyst Ink

Catalyst layer

Figure 14. A typical catalyst-layer manufacturing process

lonomer thin film H,0O Catalyst layer structure

(1) PY/C particle distribution
(2) Pt/C and ionomer

network development
(3) Porosity and pore diameter
(4) Uniformity of pore structure

Pt/C

lonomer (bulk)

Pt/C

lonomer

Based on M. Lopez-Haro et al. Nature Communications, 2014, 5, 5229.

Figure 15. Schematics and SEM micrograph of the porous fuel-cell catalyst layer structure
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Figure 16. Schematics of catalyst ink formation:

(a) contrast-variation small-angle neutron scattering (CV-SANS) profiles for a catalyst ink with
carbon and different ionomers;

(b) schematic of the structure of carbon and different ionomers, as revealed by CV-SANS;

(c) cryogenic electron transmission microscopy (cryo-TEM) image of a catalyst ink
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In addition, a catalyst layer should exhibit high porosity to ensure high fuel cell performance because
a highly porous catalyst layer allows gas and water to easily flow; however, highly porous catalyst
layers are brittle. The drying of a thin catalyst ink film on a substrate often results in the formation of
cracks. Several studies have reported changes in crack patterns depending on the type of catalyst ink
solvent [67], the catalyst ink mixing time [68], and differences in the microporous layer used as a
substrate [66]. In another study, the structural evolution of a catalyst ink during the drying process
was investigated using the contrast-variation small-angle neutron scattering (CV-SANS) method. The
results suggested that a catalyst layer formed by a catalyst ink with low interaction between the
ionomers and Pt/C contained numerous cracks (Figure 17)[69]. The factors affecting crack behavior
in catalyst layers are a topic of debate, and the mechanism is poorly understood. Cracks in catalyst
layers are microstructures and have diverse effects on performance and durability. Thus, the
mechanism leading to cracks in catalyst layers should be clarified and cracking should be controlled

and restricted.

(a) Comparison of ionomers

Nafion

40.0 ym 40.0 ym ‘
T. Kusano etal. PolymerdJ, 2015,47, 546-555.
(b) Comparison of dispersion medium

1-propanol rich e

Water rich

0.9 mm

Figure 17. SEM images of a catalyst layer with cracks
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1.4.4 Present problems in the mass production of catalyst layers

Currently, FCVs occupy only a small share of the vehicle market. However, some automobile
manufacturers have announced shifts from limited FCV production to mass FCV production. Their
cost could be dramatically reduced as larger production runs lower unit costs. One of the solutions
for mass production is speeding up the roll-to-roll process. FCVs require approximately 400 fuel cells
(800 catalyst layers) in a stack to achieve sufficient power output. The intermittent coating method is
used to prepare catalyst layers in continuous high-speed processes because it does not apply the
catalyst ink to unnecessary parts, thereby reducing catalyst waste [70]. In the intermittent coating
method, patterned coating/noncoating is repeated intermittently (Figure 18). However, even with the
same material, slight variations in the solvents and processes can cause a change in viscosity. During
coating of an unstable catalyst ink, a high viscosity can cause problems in the coating and liquid-
transfer processes, adversely affecting the quality of the coating films and the ability to control the
thickness [71]. Solving these problems requires a comprehensive understanding of catalyst ink

formation and the factors affecting the inks’ rheological behavior.

Solution reservoir /

LN Roller
O
F E)ie head

S Substrate

&
A

@l Coating individual discrete shapes can reduce waste.

Solution pump
Based on T. Suzuki et al. Toyota Technical Review 2015, 61, 32-38.

Figure 18. Intermittent slot-die coating
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1.5 Study objectives

The aforementioned research and products suggest that several issues need to be overcome to
improve the applicability of particle-based functional materials for next-generation automobiles.
Therefore, investigations that address three major issues related to coatings and fuel cell electrodes

by using particle-based functional materials are performed in this work:

(1) Demonstration of new color materials without dyes or absorption pigments

Structural color materials that are nonfading and nontoxic have potential applications in automotive
coatings. However, the fabrication of structural color materials from mesoscale structures is time-
consuming, requires great effort, and, in some cases, is expensive when existing top-down or bottom-
up approaches are used. Thus, a facile self-assembly approach is needed to prepare new color
materials for practical use. The first objective of this work is to prepare, via a facile one-pot
preparation method, new color materials that do not contain dyes or pigments.

In addition, chromic materials have rarely been used in conventional coatings because of their poor
durability. If chromic materials with high durability can be prepared, they can be used for interior
decoration. The second objective of this work is to develop new chromic materials with a simple
process that do not contain dyes or pigments.

In addition, structural materials composed of transparent or white materials exhibit weak structural
colors because of light scattering, which results in a milky-white appearance that may be difficult to
distinguish by the naked eye. The third objective of this work is to demonstrate novel pigments that
exhibit enhanced colors caused by thin-film interference through absorption of scattered light by

black materials.

(2) Demonstration of new scratch-recovery coatings.

Consumers generally desire longer-lasting scratch-free coatings. Understanding how scratch
characteristics change over time is therefore important. However, the degradation and physical aging
processes of scratch-resistant coatings under usage conditions are not yet fully understood. I first
investigate the relationship between scratch resistance and chemical changes in conventional coatings
in an outdoor weathering test. I then demonstrate new scratch-recovery polyorganosilsesquioxane

coatings with superior weather resistance.
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(3) Control of rheological behavior of catalyst ink and cracking behavior of catalyst layer

Because agglomerated structures of Pt/C nanoparticles in catalyst inks affect their productivity and
performance, identifying and controlling the structural parameters that govern the dispersion state of
Pt/C agglomerates are important. To solve the problems of poor performance and inadequate high-
speed production of electrodes for fuel cell vehicles, modulations are made for the rheological
behavior of a catalyst ink and the cracking behavior of a catalyst layer by controlling the aggregation

of particles by changing their dispersion medium.

1.6 Outline of the thesis

The thesis is organized as follows:

Chapters 2 to 4 describe the use of particle-based functional materials to develop a new colored
system that exhibits attractive color without dyes or harmful pigments.

In Chapter 2, a thermosensitive colored system composed of porous gels and a solvent is developed
using particle-based functional materials and the system is shown to display bright and angle-
independent coloration.

In Chapter 3, multicolored polymer-dispersed liquid crystals are developed on the basis of the
information acquired about the mechanism in Chapter 2 to control the coloration and an opaque milky
color in response to temperature variation.

Chapter 4 describes the development of new pigments that contain no heavy metals, are nonfading,
and exhibit enhanced colors as a result of thin-film interference through the absorption of scattered
light by black materials.

Chapters 5 and 6 describe functional coatings by particle-based functional materials with scratch
recovery characteristics.

Chapter 5 describes an investigation of the relationship between chemical changes and scratch
resistance to understand how scratch recovery characteristics change under automotive use
conditions.

In Chapter 6, crosslinked polyorganosilsesquioxane coatings with weather resistance are

demonstrated to exhibit scratch recovery characteristics superior to those of conventional coatings.
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Chapters 7 to 8 describe the preparation of catalyst inks to control the rheological behavior and the
formation of catalyst layers, thereby controlling cracking behavior and enabling the stable production
of catalyst layers.

Chapter 7 first describes the effect of ionomer adsorption onto Pt/C, where the rheological behavior
and dispersion state of Pt/C agglomerates in catalyst inks are controlled.

Chapter 8 describes the mechanism leading to the formation of cracks on catalyst layers during
drying and proposes methods to control cracks, focusing on the aggregate structure of the catalyst
inks and the microstructure of the catalyst layers.

Chapter 9 summarizes the main findings of the thesis and presents suggestions for future work.
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2.1 Introduction

In the natural world, there exist many sources of inspiration for the creation of new
high-performance materials. Structural color observed in various creatures, plants, and minerals
has received a great amount of attention in recent years because of its eye-catching,
non-photobleachable, and energy-saving properties, which are important for developing
unprecedented coloring materials. One of the most popular methods to obtain artificial structurally
colored materials is the elaboration of periodic dielectric structures on a length scale that is
comparable to the wavelength of light in materials and thus causes multiple Bragg reflections.
However, the fabrication of such mesoscale structures requires a great amount of time, effort, and,
in some cases, cost when using existing top-down or bottom-up approaches. Herein, I demonstrate
a facile self-assembly approach to obtain a porous gel exhibiting angle-independent color using a
principle different from that of traditional dielectric periodically structured materials. The
channel-like porous structure in the gel might be self-assembled from the phase-separated polymers
that result from spinodal decomposition and it might be locked in by kinetic arrest, likely through
entanglement or cross-linking. The porous swollen gel changes color reversibly with solvent,
covering the whole visible region in response to solvent composition and temperature by means of
changes in the wavelength dispersions of the refractive indices of the gel portion and the solvent
portion in the pore.

Structural color is generally defined as coloration caused by complicated and diverse interactions
between light and materials, such as interference effects, diffraction grating, light scattering, and
dispersion of refractive index, and it essentially does not lose the energy of the light [1-3]. For the
reason, structural color has been the subject of extensive studies for applications in energy saving
mobile devices with a reflective full-color paperlike display. Though structural coloration can be
caused by not only periodic dielectric structures but also randomly dispersed particles and a simple
prism, recent studies of artificial structurally colored materials have focused mainly on the
fabrication of periodical microstructures, such as multilayer films[4—6] and photonic crystals [7-9].
This trend is in part due to the relative ease to understand the structures, and the simple principle of
Bragg diffraction, which generates structural color from periodic dielectric structures. However, to
design a reflective full color paperlike display with a wide viewing angle, the angle dependence of

the structural color based on Bragg diffraction becomes a major issue.
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Recently, I demonstrated for the first time that amorphous arrays with a short-range order prepared
from submicrometer spherical colloidal gel particles[10] or silica colloidal particles[11] are capable
of displaying angle-independent structural color and can be applied to nonfading color materials
and full-color paperlike displays. Theoretical interpretations for the existence of a photonic band
gap causing structural color in amorphous array systems were also provided by some groups [12,
13]. Counterintuitively, however, the practical fabrication of amorphous arrays from colloidal
particle suspensions is a more complicated task than expected and is one of the most important
challenges for large-scale production.

On this issue, living matter may give us a hint. Analogous structures and the principle of structural
coloration are also found in some living matter [14, 15]. For example, the amorphous packing of
submicrometer spheres or tortuous channels composed of B-keratin and air nanostructures found in
the feather barbs of birds produce vivid structural color without angular dependence. The structural
color of the feather barbs may be produced by wavelength-selective scattering of light from the
nanostructures with a short-range order, which must rely on the same principle as the
above-described artificial systems. According to Dufresne, Prum, and co-workers [14], the
nanostructures in feather barbs are self-assembled by the phase separation of [(-keratin from a
cellular cytoplasm; the polymerization of (-keratin drives the phase separation within a cell, and
arrest of the phase separation is facilitated by the entanglement or cross-linking of B-keratin
filaments. As the molecular weight of B-keratin filaments increases, the entropic incentive for
mixing drops, and the phase boundary shifts to higher temperatures, resulting in phase separation. If
nucleation and growth occur, the system forms a submicrometer sphere-type nanostructure. When
the phase separation is preceded by spinodal decomposition, a tortuous channel type nanostructure
can evolve spontaneously.

This assumption stimulated our interest in fabricating such phase-separated structures by
self-assembly approaches for artificial colored materials. Therefore, our initial target was a
biomimetic, facile preparation of self-assembled nanostructured and structurally colored materials
with short-range order on a length scale that is comparable to the wavelength of visible light.
However, the self-assembled fabricated channel-type porous gel revealed unexpected tunable color
in response to solvent composition and temperature even though the average domain size in the

porous gel was much larger than the wavelength of visible light. Herein, I explain our new
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discovery about the facile preparation of the angle independent colored material and its reversible

tuning coloration depending on the solvent composition and the environmental temperature.

2.2 Materials and methods
2.2.1 Sample preparation

Figure 1 shows chemical structures of compounds used for preparation of poly(MEO2). First, a 30
mL stoppered pear-shaped flask was loaded with 4,4’-dinonyl-2,2’-dipyridyl (26.2 mg) and
2-(2-methoxyethoxy) ethyl methacrylate (9.03 g). The solution was sealed with a three-way
stopcock and cycled three times between nitrogen gas and vacuum to remove oxygen. Methyl
2-bromopropionate (6.69 mg) was added to the solution using a microsyringe. Next, this solution
was moved using a cannula to another stoppered test tube containing CuBr (4.59 mg) and filled
with nitrogen gas. The uniformly dissolved solution was divided into 1.25 mL test tubes in a globe
box filled with nitrogen gas. The sealed test tubes were placed into constant-temperature baths at
several temperatures, and the polymerizations proceeded for 19 h. Table 1 summarized synthesis of
poly(MEQO2) under various reaction conditions. The newly formed polymer gels were washed with
acetone and obtained as clear and colorless gels or opaque gels. The preparation of linear
poly(MEQO?2) was the same as that of the gels but the temperature and reaction time were 60°C and
2 h, respectively. The linear polymer was purified by dialysis. The number average molecular

weight of the polymer was determined by gel permeation chromatography.

2.2.2 Measurements

The microstructure of the gels was investigated by scanning electron microscopy (SEM, JEOL
JSM 5600). The samples were coated with a 15 nm gold layer, and the microscope was operated at
10 kV. Optical photographs of the samples were taken on a digital microscope (KEYENCE
VHX-500). Transmittance spectra of the samples were measured using an Ocean Optics USB 2000
fiber optic spectrometer by altering the angle of incidence from 0° to 40° within a cell whose
temperature was controlled by a circulating water bath. The dispersion of the samples was
measured by a multiple wavelength refractometer (ATAGO DR-M2) connected to a circulating
water bath. An electronic thermometer (As One TM-300) with a precision of 0.1°C was used to

continuously monitor the temperature of the prism of the refractometer.
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4,4’-Dinonyl-2,2’-dipyridyl

Figure 1. Chemical structures of compounds used for preparation of poly(MEQO?2).

Table 1. Synthesis of poly(MEO2) under various reaction conditions.

Run [M]: 1] : [Cul] : [L] Reaction time / h Temp. / °C
Run 1-1 19 -13
Run 1-2 19 4
Run 1-3 19 15
Run 1-4 19 20
Run 1.5 1500:1:1:2 19 2
Run 1-6 19 30
Run 1-7 3 50
Run 1-8 3 60

[M], [1], [Cul], and [L] are the concentrations of the monomer, the initiator, CuBr, and ligand,

respectivery.
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2.3Results and Discussion

The microstructure in the porous gel was self-assembled by phase separation of
poly {2-(2-methoxyethoxy)ethyl methacrylate} [poly(MEO2)] along with reversible deactivation
radical polymerization, the so-called atom transfer radical polymerization (ATRP)[16, 17] that is an
example of a living radical polymerization, of MEO?2 using 2-bromopropionic acid butyl ester as an
initiator and the CuBr/4,4’-dinonyl-2,2’-dipyridyl catalytic system without solvent below 20°C
(Figure 2, Figure 3). Above a reaction temperature of 50°C, the gels obtained were transparent and
homogeneous (Figure 4). The resulting gels at a reaction temperature between 20°C and 50°C were
mixtures of the phase-separated portion and the homogeneous portion. These results indicate that
the polymerization-induced phase-separation mechanism is an upper critical solution temperature

behavior [18].

CuBr / Dinonyl-2,2'-dipyridyl

:
a

2-(2-Methoxyethoxy)ethyl methacrylate (MEO2)

Figure 2. Reaction scheme of poly(MEQO2).
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Porous gel Homogeneous gel Homogeneous
ol gel
Porous gel

Figure 4. Optical photograph image of poly(MEQO?2) gels prepared at different temperatures.
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As the molecular weight of poly(MEQO2) increases as a result of ATRP, the position of the phase
boundary shifts to higher temperature over time, and the phase separation by spinodal
decomposition or nucleation and growth can proceed. Judging from the channel-type morphology
of the phase-separated microstructure observed in the gel, the phase separation might be induced by
spinodal decomposition. The resultant gel swells slightly in toluene, which is a good solvent for
poly(MEO2) (Figure 5a), but the microstructure is almost maintained, despite the lack of a
cross-linker. The unstable phase-separated microstructure is probably locked in by kinetic arrest,
likely through the entanglement or crosslinking of poly(MEO2). As a result, the microstructure
consists of isotropic, tortuous, and twisting channels with a characteristic length of about 10 pm,
which is considerably larger than the wavelength of visible light. The size of a scattering substance
is parameterized by the ratio of its characteristic length » and the wavelength of light A as a=2nr
/A[19]. If the value of a becomes sufficiently larger than 1, the geometrical optic approximation can
be applied to evaluate the interaction between the light and the scattering substance. Consequently,

we must be able to treat this porous gel as a diffuse reflective material.

(a) (b) (€)

2 Z 2
18 F 18 |+ 18F
16 1 ® toluene
1er o ' W toluene: acetone = 9:1 1.6
S a B 4@ toluene: acetone = 7:1 o
3 14 L @ Prepared at 60°C 14 A acetone S 14F .
A Prepared at 15°C L Q in toluene
12 bt cam 12Eame-t by X A
1 1 1F
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Figure 5. The swelling ratios D/D, of cylindrical gels, where D, is the diameter of the cylindrical

gel at the preparative state and D is the diameter of a cylindrical gel under specific conditions,
were measured at several conditions.
(a) Swelling kinetics of cylindrical gels after immersion in pure toluene at 25°C. These gels were
prepared at different temperatures.

(b) Swelling kinetics of cylindrical gels, prepared at 15°C, after immersion in different

compositions of solvents at 26°C.
(c) Temperature-dependent equilibrium swelling ratio of the porous gel prepared at 15°C in pure
toluene.
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Figure 6a shows the transmission spectra of the porous gel in toluene/acetone mixed solvents at
20°C. A quite broad peak at around 766 nm is observed from the porous gel in pure toluene.
However, the color of the porous gel is brilliant blue in pure toluene (Figure 6b). From the
transmission spectra, it can be assumed that the blue color must be mainly caused by the diffuse
reflection of short-wavelength visible light. The position of the peak, Amax, moves to a shorter
wavelength, and the peak sharpens with increasing acetone in the mixed solvent. The color of the
porous gel also changes depending on the composition of the mixed solvent; the color must be
generated by the diffuse reflection of visible light with wavelengths that are both shorter and longer
than the peak wavelength. It is noteworthy that light of a certain wavelength range where the sharp
peak can be seen in the transmission spectra can pass through this porous gel depending on the
solvent composition. This optical property is obviously different from the optical properties of the
amorphous arrays prepared from submicrometer spherical particles and the nanostructures in
feather barbs. A downward peak, which can be attributed to a partial photonic band gap, can be
observed in the transmission spectra of the amorphous arrays. The transmission spectra measured at
different angles for the porous gel in different solvent compositions are shown in Figure 6¢,d. The
peaks occurred at certain wavelengths depending on the solvent composition and did not depend on
the angle from 0° to 40° (Figure 6¢). In Figure 6f, the peak position of the spectra and the refractive
indices of the mixed solvents are plotted as a function of the solvent composition. A similar
tendency was observed for both changes with increasing toluene composition; the variation in the
peak position is likely to be associated with the change in the refractive indices of the mixed

solvents.
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Figure 6. (a) Solvent composition dependence of transmission spectra and (b) optical
photographs of a porous gel at 20°C. The porous gel was prepared at 15°C. The scale bar in (b)
is Imm. (c), (d) Transmission spectra of the porous gels in different solvent compositions
measured at various angles at 20°C. The mass percentages in these figures represent the
concentration of toluene in the mixed solutions. (c) 75 wt% toluene, (d) 85 wt% toluene. (e)
Plots showing A__ of the transmission spectra for the porous gels in various solvent

compositions versus angle at 20°C. (f) Plots showing the refractive index n of the solvents at
589 nm and A of the transmission spectra versus the toluene compositions in the mixed

solvents.
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Temperature-dependent transmission spectra of the porous gel in pure toluene were also observed
because the refractive index of the solvent is also subjected to temperature change. As shown in
Figure 7a, the peak position of the spectra shifted to the shorter wavelength, and the peak becomes
sharper with a rise in temperature. The refractive index of toluene and the peak position also
decrease with increasing temperature (Figure 7b). Meanwhile, the swelling degrees of the porous
gels remain unchanged with variations in solvent composition and temperature (Figure 5b,c), which
indicates that variation in the size of the microstructure does not contribute to the change in the

color.
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Figure 7. (a) Temperature dependence of transmittance spectra of the porous gels in pure
toluene. The porous gel was prepared at 15°C. (b) Plots showing A . of the transmission

spectra of the gel in pure toluene and the refractive index n of toluene at 589 nm versus
temperature.

To evaluate the contribution from the change in the refractive indices of the solvents and gel
portions to the color change, the dispersion, which is a wavelength-dependent refractive index, was
measured for each portion. I used poly(MEO2) [Mn (number average molecular weight) =1.02 X
10°] toluene solutions with several concentrations of the polymer in substitution for the gel portion
because of the difficulties in obtaining the refractive indices of the actual gel portion. The diffuse

reflection from a macroporous gel filled with a solvent requires a difference in the refractive indices
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between the gel portion and the solvent portion. For example, in the case that these refractive
indices are different at all visible wavelengths, the porous gel diffusely reflects white light and
becomes opaque. In the experimentally observed dispersion curves for most polymer solutions,
except for the 10 wt% solution, the refractive indices are smaller than those in pure toluene over all
visible wavelengths at 20°C (Figure 8a). However, the dispersion curve of the 10 wt% poly(MEO2)
solution intersects with that of toluene at around 650 nm and 20°C. If the refractive indices of the
gel portion and the solvent are equal, a certain wavelength of light around the intersection can pass
through the porous gel, while the other wavelengths of light are diffusely reflected. As a result, I see
the upturned peaks in the transmission spectra of the porous gel. To test this hypothesis, the
dispersion curves of the 10 wt% poly(MEQO?2) solution and toluene at different temperatures were
estimated, followed by identification of the position of the intersection between the two curves with
the temperature change. Cauchy’s approximate equation [20] was used to estimate the appropriate
dispersion curves for each condition, based on the experimentally measured five plots of refractive
indices (Figure 8b). The determined intersections between the two curves of the 10 wt%
poly(MEQO2) solution and toluene depending on the temperature were compared to the peak
wavelength of the spectra (Figure 8c) with a change in temperature. The intersections reasonably
reflected the trend of the peak position of the transmission spectra with increasing temperature,
which supports our hypothesis that the tunable coloration of the swollen porous gel is caused by the
coincidence at one wavelength of the dispersion curves of the gel portion and the solvent portion,
depending on solvent composition and temperature. Judging from Figure 8b, the sharpness of the
peak must be attributed to the intersection of two dispersion curves with large angle. As a result, the
porous gel exhibits brilliant colors. I demonstrated that the newly prepared colored materials can be

formed into any shape and exhibit angle-independent color for an extended period (Figure 9).
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Figure 8. (a) Plots showing the refractive index n of the poly(MEO2) toluene solutions with
various concentrations and pure toluene depending on the wavelength at 20°C. (b) Dispersion
curves of pure toluene and the 10 wt% poly(MEQO2) toluene solution compared at various

temperatures.

The intersection of these curves changed depending on temperature. The

transmission spectra were obtained from the porous gel in toluene at different temperatures. (c)

A

max

of the transmission spectra of the 10 wt% poly(MEO?2) toluene solution at various

temperatures compared with the temperature-dependent intersections obtained by Cauchy’s

approximate equation.
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n=1.4969

Figure 9. Photo images of the porous gels at various angles of incidence in different solutions.
Here, n is the refractive index of each solvent.

2.4 Conclusion

So far, a few systems have been reported that use various dispersions of two different media for
making optical filters [21-29]. Because, however, most systems are composed of crushed insoluble
inorganic powders immersed in organic solvents or colloidal suspensions, it has been difficult to
obtain colored materials with large-scale production useful for making paperlike displays. Only
Watanabe’s group recently found that homogeneously prepared hydroxypropyl cellulose film
exhibits colors using the similar effect when the film is swollen with solvent [30], but the colors are
subtle. In contrast, our structurally colored material generated using the phase-separation method
can be obtained without difficulty, and exhibits brilliant colors: this colored material represents a
promising new material for the manufacture of reflective full-color displays with a wide viewing
angle, energy saving, and nonfading color materials. Moreover, as it has an interconnected porous
structure, and also can be prepared in other stimuli-sensitive polymer systems, the newly prepared
structurally colored materials should have potential as sensors and monolith systems for reactors

and separation.
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3.1 Introduction

The widespread utilization of personal-use multimedia has triggered a vigorous expansion in the
manufacturing of cheap, simple and power-saving displays. Because the most widely used liquid
crystal (LC) displays are composed of many different sets of optical elements — such as color filters,
polarizing plates, and alignment films — the simplification of such designs will potentially lead to
decreases in the cost of manufacturing and better power-saving capabilities. A display with a
polymer-dispersed liquid crystal (PDLC) film is one of the simplest models possible because it has
no polarizing plate or alignment film [1-6]. Although this display is structurally simplified and very
bright, there is still room for improvement due to the use of a color filter. Displays consisting of
stimuli-sensitive multichromic materials are among the leading candidates for such ideal simple
systems [7, 8].

Herein, I report the preparation of a new material that changes its color — covering the whole
visible region — in response to temperature by means of changes in both the diffraction properties
and the wavelength dispersions of its refractive indices. Our material is a composite of a particle gel
network and an LC; it is structurally identical to a traditional PDLC system. Thus, the LC is
randomly arranged in the particle gel network at lower temperatures, resulting in a scattering of
applied white light. This results in a translucent or milky white appearance. However, when the LC
reaches an isotropic state at higher temperatures, a particular wavelength of light — at which the two
different wavelength-dependent dispersion curves for the particle gel network and the LC intersect
— can predominantly transmit through the composite material. As a result, the composite material
exhibits bright coloration and also reveals a change in color in response to temperature because the
cross-point of the two wavelength-dependent dispersion curves varies with temperature.

In recent years, structurally colored materials have been the subject of extensive study due to their
possible application in paints, textiles, cosmetics, sensors and displays [9, 10]. Structurally colored
materials that do not suffer from photobleaching or lose light energy are encouraging candidates for
power-saving display systems. One of the most widely anticipated structurally colored materials for
such applications is a photonic crystal with a periodic optical nanostructure comprised of
submicron particles [11, 12] and large-molecule block copolymers [13, 14]. However,
angle-dependent structural color based on Bragg diffraction from a photonic crystal is unfavorable

for use in display technology.
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To obtain structurally colored materials exhibiting angle-independent color, I prepared two types
of nanostructured materials. One is an amorphous array system composed of submicron particles
that have a pseudo-photonic band gap [15, 16]. Thus far, I have used soft gel particles and hard
silica particles to prepare amorphous arrays, and both types of arrays reveal structural color without
angle dependence due to the short-range order of the particles. The other nanostructured material is
a self-assembled particle gel network filled with an appropriate solvent, the dispersion curve of
which intersects with that of the polymer in the visible region [17]. Here, the dispersion is a
variation of the refractive index with wavelength. This system also exhibits angle-independent
color using a principle different to that of the above-mentioned photonic crystals and also to that of
amorphous arrays. I believe that these angle-independent structurally colored systems can be
front-runners for the manufacture of energy-saving display systems.

In this study, I attempted to expand the latter, recently developed, system’s potential for
application in a functional multicolor PDLC display. PDLC devices do not require a polarizing
plate or an alignment film for modulating light because the LC droplets, confined in a particle gel in
which the particle size is comparable to visible wavelengths, scatter light due to the refractive index
mismatch between the LC droplets and the particle gel [1-6]. Consequently, the PDLC devices
work as optical shutters or smart windows that can change these aspects between clear states and
opaque states. If I can add more functions to PDLC devices, such as the ability to display different
colors, these devices may find application in power-saving multicolor displays. To implement this

concept, I turn to our recently exploited structurally colored material [17].

3.2 Materials and methods
3.2.1 Sample preparation

Figure 1 shows chemical structures of compounds used for preparation of the multi-colour PDLC.
In a typical experiment, a 3 mL test tube was loaded with MMAA (400 mg, 4.04 mmol), BIS (100
mg, 0.649 mmol), methanol (200 mg, 6.25 mmol) and an appropriate amount of hexane (50—300
mg). Nitrogen gas was bubbled into the solution for 30 min to remove dissolved oxygen. After
adding azobisisobutyronitrile (10.2 mg, 9.03x107 mol) as an initiator to the solution, the sonicated
solution was placed in a thermal bath at 60 °C for 24 h to obtain a particle gel network. For the

preparation of homogeneous clear polymer networks for dispersion curves, hexane (which is a poor
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solvent for the particle gel network) was not added to the solution. The obtained particle gel
network was washed with methanol and dried under vacuum. Each particle gel network was cut
into a disc shape approximately 1 mm thick. The disc-shaped particle gel network was sandwiched
between two slide glasses with a 1 mm-thick teflon spacer, and the pieces were clipped together.
Various compositions of LCs composed of SCB and/or SPCH were impregnated into the particle gel
network in the cell at 70 °C. Binary mixtures of the LC of given compositions were heated at 80 °C
for 1 h and were thoroughly mixed. After impregnation of the LCs, the cell was sealed with

UV-cured adhesive.

0 O O
- N/\N)‘H
WHLN ﬁL NN

N-methyl methacrylamide (MMAM) N,N’-methylenebisacrylamide (BIS)

Ns X
CN

N

Azobisisobutyronitrile (AIBN)

CN

4-Cyano-4'-pentylbiphenyl (5CB)

A O

4-(trans-4-Amylcyclohexyl benzonitrile (SPCH)

Figure 1. Chemical structures of compounds used for preparation of the multi-colour PDLC.
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3.2.2 Measurements

The microstructures of the MMAA-BIS particle gel networks were observed using SEM (Jeol
JSM 5600 instrument). The samples were coated with a 15 nm gold layer, and operating voltage at
10 kV. Small LC samples were taken for differential scanning calorimetry (DSC) analysis (Seiko
Instruments DSC3200) to estimate 71 and Tm. The heating and cooling rates were 2 °C min™' in all
cases. The phase behavior of the LCs was also examined by POM. A polarizing optical microscope
(Olympus BH-2) with a hot stage (Mettler FP90) and a CCD camera (Olympus DP12-2) was used
for visual observation. The dispersion of the LCs was measured by a multiple-wavelength
refractometer (ATAGO DR-M2) connected to a circulating water bath (LAUDA RE-104). An
electronic thermometer (AS ONE TM-300) with a precision of + 0.1 °C was used to continuously
monitor the temperature of the refractometer prism. The dispersion of the MMAA-BIS particle gel
network was measured by a multiple-wavelength refractometer (Carl Zeiss PR-2) connected to a
circulating water bath (HAAKE circulator N6-C41). Transmittance spectra of the samples were
measured using an Ocean Optics USB 2000 fiber-optic spectrometer by changing the temperature
on a hot stage (Mettler FP90). Optical photographs of the samples were taken on a digital
microscope (KEYENCE VHX-500).

3.3 Results and discussion

I adopted a simple procedure to make particle gel networks with well-controlled particle size
distributions in the same manner used for making porous polymer monoliths, with production by a
phase separation process. Porous polymer monoliths are macroporous materials prepared by
polymerising vinyl monomers and cross-linkers in the presence of an appropriate porogenic solvent
[18-21]. The size of the pore can be readily controlled by the amount of porogenic solvent used.

In this work, particle gel networks composed of N-methyl methacrylamide (MMAA) and N,
N’-methylene-bisacrylamide (BIS) as the monomer and cross-linker, respectively, were prepared
using hexane as a porogenic solvent. Figure 2 shows scanning electron microscopy (SEM) images
of the MMAA-BIS particle gel networks with varying amounts of hexane. With 50 mg hexane, the
dried MMAA-BIS particle gel network is faint blue to the eye (Figure 3a) and is composed of
microparticles with diameters of less than 100 nm. The particle size in the MMAA-BIS particle gel

network increases with an increase in the amount of hexane present: dried MMAA-BIS particle gel
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networks composed of particles larger than 500 nm become opaque (Figure 3b and c). Judging from
the morphologies of the phase-separated structures of the MMAA-BIS polymer network particles,
the formation of the structures must be caused by nuclear formation, while growth occurs via

polymerization [22, 23].

Figure 2. SEM images of MMAA-BIS particle gel networks upon the addition of various
amounts of hexane as a porogenic solvent: (a) 50, (b) 100, (c) 200, (d) 300 mg of hexane.
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To construct a multicolor PDLC system, I used an MMAA-BIS particle gel network comprised of
about 5 um particles (Figure 2d). As the size of a scattering substance is parameterised by the ratio
of its characteristic length » and the wavelength of light 1 (o = 2m#/1) [24] and because a
geometrical optics approximation can be applied to evaluate the interaction between light and a
scattering substance when the value of a is sufficiently larger than 1, I can treat this MMAA-BIS
particle gel network as a simple diffuse reflective material. I previously reported that the coloration
of a particle gel network immersed in an appropriate solvent can be caused by means of the
coincidence at one wavelength of the dispersion curves of the particle gel portion and the solvent
portion [17]. Naturally, a colored material can be obtained by the impregnation of a particle gel
network with an appropriate isotropic LC based on the same principle. For an appropriate isotropic
LC, the dispersion of the isotropic LC must intersect with the dispersion of a particle gel network at
a certain wavelength in the visible region. Because of this requirement, prior to selecting a LC for
the construction of a multicolor PDLC system, I must know the dispersion of the MMAA-BIS
particle gel network. Figure 4 shows the dispersion curves of the MMAA-BIS particle gel network
at 25 and 50 °C, compared with those of two types of popular LCs at different temperatures (see
below). The refractive index of the MMAA-BIS particle gel network at 25 °C changes from 1.531
at 404.7 nm to 1.509 at 706.5 nm: the Abbe number (vp), which is a measure of the material’s
dispersion in relation to the refractive index, of this MMAA-BIS particle gel network is 50. The
refractive indices of MMAA-BIS particle gel network at 50°C in the visible region are slightly
smaller than those at 25°C. However, the change is vanishingly small compared with those of the
liquid crystals used. To reveal the coloration of the MMAA-BIS particle gel network filled with a
LC, the dispersion curve of the LC above its isotropic point must intersect with that of the MMAA—
BIS particle gel network in the visible region [25-27]. If I have an appropriate pure LC meeting this
requirement, a multicolor PDLC can be obtained without difficulty. However, even LC mixtures
can meet this condition, and the use of a LC mixture can be advantageous for the goal of obtaining

a multicolor PDLC that is useful over a wide range of temperatures.
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Figure 4. Dispersion curves of the MMAA-BIS particle gel network and of SCB and SPCH at
several temperatures. The solid line was obtained by a least squares method:
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The numeric data of SCB and 5SPCH are quoted from Ref. [29].

Here, I show a procedure for assembling a multicolor PDLC using a MMAA-BIS particle gel
network and a thermotropic LC mixture. I used 4-cyano-4’-pentylbiphenyl (5CB) and
4-(trans-4-pentyl-cyclohexyl) benzonitrile (SPCH) as LCs. Both are thermotropic LCs, exhibiting
phase transitions from the isotropic phase into the nematic LC phase as the temperature decreases
[28]. The liquid-crystal transition temperatures between the nematic phase and the isotropic phase,

Tn1, of 5CB and 5PCH are 33.4 and 53.6 °C, respectively (Figure 5).
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The thermotropic LC phase transition can be observed in not only these pure compounds but also
these mixtures. A plot of 7nx1 measured by DSC versus the composition is shown in Figure 6. These
molecules can be a eutectic mixture, and the 7n1 of the mixed LCs continuously changes from 33.4
to 53.6 °C, depending on the composition. For each pure LC, there exist two endothermic peaks in
the measurement range (0—100°C) of DSC: the lower one and the upper one exhibit the melting
point (7m) and 7ni, respectively. The melting points of SCB and SPCH are 17.8 and 29.8 °C,
respectively, but those of the mixtures are lower than both of these values due to their eutectic
properties; the melting points of the mixtures cannot be observed above 0 °C. As a result, the
liquid-crystal ranges of the mixtures become wider than the ranges of the pure compounds. This
situation provides a wide effective temperature range for the PDLC. If the LC mixture is filled in
the particle gel network without alignment, this composite scatter light strongly due to fluctuations
in the LC and mismatches in the refractive indices between the particle gel network and the LC
below Tni, thereby producing an opaque result. Meanwhile, above 7ni, the mixture is in the
isotropic phase and exhibits a normal dispersion curve (Figure 7). The refractive indices of SCB
and SPCH vary from 1.594 at 546 nm to 1.582 at 633 nm and from 1.514 at 546 nm to 1.508 at 633
nm, respectively, at each 71 [29, 30]. Because these dispersion curves do not intersect with the
dispersion curve of the MMAA-BIS particle gel network even at different temperatures (Figure 4),
the MMAA-BIS particle gel network filled with only SCB or SPCH scatters light strongly even
above Tni. However, the dispersion curves for the mixtures of given compositions can intersect at
certain wavelengths with the dispersion curve of the MMAA—-BIS particle gel network in the visible
region. In these cases, a certain wavelength of light near the intersection can pass through a
composite film comprising the MMAA-BIS particle gel network filled with the LC mixtures, while
the other wavelengths of light are diffusely reflected (Figure 8). As a result, I see upturned peaks in
the transmission spectra of the composite films: the composites reveal vivid color. Judging from the
coloration mechanism of this system, the morphology of a particle gel has an insignificant effect on

the color, as long as the particle gel diffusely reflects light.
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Figure 9a shows transmission spectrum of the MMAA-BIS particle gel network filled with the LC
mixture (73% of SPCH) at different temperatures. The 71 of this LC mixture is 42 °C. At 27 and
33 °C, where the LC mixture is in a nematic state, the composite film blocks the transmission of
visible light. Thus, the composite film is opaque. In contrast, above 7ni, a certain peak is observed
in each transmission spectrum at different temperatures. In addition, the peak position is shifted to a
shorter wavelength with increasing temperature, caused by the change in the intersection point of
the dispersion curves. Accordingly, the composite film reveals a reversible variation in the
coloration with temperature (Figure 9b). If the composition of the LC mixture is changed, the
temperature variation of the color is also changed (Figure 9c—f). Thus, I can build a tailored tunable
multicolor PDLC using this procedure (Figure 9g). In addition, the coloration of this system may be
controllable by an electric field due to the sensitivity of the LC to electric fields. I am currently

studying an electrically tunable multicolor display using the same system.
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of Amax of the transmission spectra in (a), (c), and (e).

64



Chapter 3: Multicolor Polymer-Dispersed Liquid Crystals

3.4 Conclusion

Our findings demonstrate that a MMAA-BIS particle gel network filled with mixed LCs of 5CB
and 5PCH can exhibit changes in color covering the whole visible region and an opaque milky
color upon temperature variation. In contrast to previously studied photonic band gap materials, this
system is easy to prepare as a large-sized display due to its facile one-pot preparation method and
its mechanism of coloration. Because this composite film displays low angle-dependent color and
can act as a multicolor PDLC, I believe that this system may be available for energy saving

multicolor displays.
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4.1 Introduction

Several companies are investigating new alternatives to traditional pigments that contain heavy
metals, which may be toxic, and to dyes that fade easily under extended exposure to UV light.
Structurally colored materials that are nonfading and nontoxic have the potential for widespread
adoption in applications such as paints, inks, textiles, cosmetics, sensors, and displays. The color of
structurally colored materials originates from their microstructure, which has a length scale
comparable to the desired optical wavelength, resulting in optical effects such as interference,
refraction, or diffraction of light. Artificial structurally colored materials have been developed,
including colloidal crystals, amorphous colloidal arrays, and pearl pigments. Colloidal crystals and
amorphous colloidal arrays with a periodicity on the scale of one-half the wavelength of visible
light exhibit structural color by reflecting only light of a specific wavelength on a film [1]. Pearl
pigments are transparent flaky substrates coated with a film of metal oxide. Pearl pigments aligned
parallel on the surface of a coating film demonstrate a natural pearl-like design by exhibiting an
interference color corresponding to the thickness of the metal oxide film [2, 3]. However, these
structural materials composed of transparent or white materials exhibit weak structural colors
because of light scattering, which results in a milky-white appearance that may be difficult to
distinguish by the naked eye under certain lighting conditions [4].

Animals with vivid colors may provide a hint toward a possible solution to the aforementioned
issue. For example, the brilliant structural colors of peacocks and Morpho butterflies originate from
black melanin granules that contribute to the absorption of transmitted light and to the reduction of
background light, resulting in enhanced colors [5, 6]. This effect can be mimicked by various
structurally colored materials. Structurally colored materials with enhanced colors have been
developed, including colloidal crystals, amorphous colloidal arrays containing carbon materials [7,
8], black materials prepared by calcination [9, 10], polydopamine [4, 11-13], and synthetic melanin
nanoparticles [14]. Similarly, an interference pigment with a black material used as a substrate or
interference layer is known to block light of other wavelengths by diffuse reflectance, resulting in
high-saturation pigments with greater interference color than conventional pearl pigments (Figure
1). Other authors have reported interference pigments with black materials such as black iron
oxide-coated mica [15], titanium oxide/reduced titanium oxide-coated mica [16, 17], titanium

oxide/ilmenite-coated mica [18], and titanium oxide-coated mica containing carbon black [19].
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These pigments exhibit color that changes with the viewing angle because the optical path
difference depends on the angle of incidence of the light. For automotive and other consumer
markets, pigments that produce a color that depends on the viewing angle are widely used because
the color change accentuates the shading of a 3D shape. However, this effect may not be desirable
for optical devices, labels, inks, and sensors because of the different colors observed at different
viewing angles.

To overcome the aforementioned issue, our objective was to achieve enhanced colored materials
with angle independence using black interference pigments. I demonstrate a new pigment prepared
using graphite nanosheets (GNSs), which are a novel black flaky material, as a substrate for
enhanced interference coloration. GNSs are obtained by wet pulverization of graphite into flakes
[20]. GNSs have a particle length of several micrometers and a sheet thickness of several tens of
nanometers, making them a thinner and smaller substrate than conventional black pigments, which
have a particle size on the order of several tens of micrometers and a thickness of several hundred
nanometers. The pigments with small particle sizes tend to have a more random orientation than the
pigments with large particle sizes [21]. As previously mentioned, angle-dependent color changes of
an interference pigment can be achieved when the interference pigment orientates parallel to the
surface in a coating film because the light path length differences for the light interference change
depending upon the viewing angle. However, the resultant color from a coating film with a random
orientation of interference pigment would be almost angle-independent because of the additive sum
of colors resulting from the random orientation of pigment particles with different sides oriented
toward the observer [3]. Thus, GNSs are expected to result in pigments that are independent of
viewing angle because the small pigment particles are randomly oriented.

Herein, I demonstrate for the first time that GNSs with good dispersibility in water can be
prepared using a mild oxidation agent and a polymer dispersant. The mild oxidation agent
intercalates between carbon layers and induces cleavage while oxidizing the surfaces of the layers,
with little destruction of the graphite structure in the c-axis direction. Simultaneously, the polymer
dispersant intercalates between the cleaved carbon layers to stabilize the cleavage surfaces, thus
promoting interlayer exfoliation. To the best of our knowledge, our preparation method for GNSs is
easier than previously published methods. 1 also demonstrate that a pigment that exhibits

interference color can be prepared by sol-gel synthesis of a TiO2 layer on GNSs and that a
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multicolor pigment can be prepared by controlling the thickness of the interference layer.

(a) (b)

Weak interference color Enhanced interference color

™ ™

\\TranSparent material \ Black material

Interference layer Interference layer

Figure 1. Difference in interference colors depending on substrate color: (a) transparent

substrate (e.g., mica) and (b) black substrate (e.g., graphite).
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4.2 Materials and Methods

A schematic of the procedure for the synthesis of the GNS pigment is shown in Figure 2. Instead
of using fuming nitric acid or the detonation technique conventionally used to exfoliate GNSs
[22-24], I used a hydrogen peroxide—urea complex as a milder oxidizing agent to refine the graphite
while maintaining its sheet structure. Hydrophobic GNSs capable of being well-dispersed in
hydrophobic solvents were prepared using poly(styrene-co-2-vinylpyridine) (poly(ST-2VP)) as a
dispersant. Hydrophilic GNSs were prepared by adding an anionic polymer dispersant that
interacted with the pyridine groups of poly(ST-2VP) to increase the surface charge. The GNS
pigment was obtained via a sol—gel process.

(a) Graphite (b) Hydrophobic GNS (c) Hydrophilic GNS
JH e e iy .

(H;NCONH,)(H,0O,) Poly(4- styrenesulfonlc e 6 S

ﬁ Poly(ST-2VP) E amd Solution (PSS)
—_— 5
in DMF in water " NN
ran H* o e H+ [
H* . -
G = ES % H SOH

(c) Hydrophilic GNS (d) GNS coated with titanium sol (e) GNS pigment

H+ e e H+ H+
S S
TiOSO4, H2SO04

%% % % CONH ﬁ 550°C, 30 min
> _—
= 2R ¥ |_

2

T I 80°C,
Do Co o % 30~120 min \_
9/\/\/\/\6 TiO, precursor TiO,
+ e +
H Sy, O H

Figure 2. Synthesis scheme of the GNS pigment.

4.2.1 Preparation
4.2.1.1 Preparation of the hydrophobic polymer dispersant (poly(ST-2VP))

Poly(ST-2VP) was synthesized by free-radical polymerization in 100 mL of toluene under a N2
atmosphere using 50 mg of 2,2’-azodiisobutyronitrile as an initiator, and 18 g of styrene (ST) and 2
g of 2-vinylpyridine (2VP) as monomers. The reaction was conducted for 6 h at 85°C. The obtained
poly(ST-2VP) was purified by reprecipitation from chloroform as a good solvent and hexane as a

poor solvent, and then vacuum-dried overnight. The polymer dispersant poly(ST-2VP) (Scheme 1)
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was analyzed as follows. The composition of poly(ST-2VP) was estimated by 'H-NMR
spectroscopy (JEOL, INM-ECX400P, 400 MHz) at room temperature. CDCl3 was used as a solvent.
The number-average molecular weight (M) of poly(ST-2VP) was estimated by gel-permeation
chromatography (GPC) equipped with a multiangle light-scattering detector (GPC-MALLS/Shodex
GPC-101; column: K-805L; detector: differential refractometer) and converted using calibration

curves for standard polystyrene samples. CHCI3 was used as an eluent to adjust the concentration to

AN AN ran
n m
\ AIBN
n + m N —_— | >N
Z  85C =

Scheme 1. Synthesis of poly(ST-2VP) via free-radical polymerization

0.1 mg/mL.

4.2.1.2 Preparation of hydrophobic GNSs

Graphite (12.5 g; Nippon Graphite Ind., EXP-P), 12.5 g of hydrogen peroxide—urea complex
(Sigma-Aldrich), 1.25 g of poly(ST-2VP), and 500 mL of dimethylformamide (DMF) were mixed
and then processed with a wet pulverizing and dispersing device (Sugino, Star Burst, oblique-type
collision chamber) at a pressure of 200 MPa for 10 passes. The resultant dispersion was filtered,

washed with DMF, and then vacuum-dried to obtain hydrophobic GNSs.

4.2.1.3 Preparation of hydrophilic GNSs

Hydrophobic GNS particles (10 g) and 500 mL of water were mixed, and the pH was adjusted to 1
or less with 4.3 g of poly(4-styrenesulfonic acid) (PSS) solution (Wako Pure Chemical) as the
mixture was subjected to ultrasonic dispersion for 1 h. The dispersion was then filtered, washed
with water, and filtered again to obtain a hydrophilic GNS whose surface was modified with a

hydrophilic polymer dispersant.

4.2.2 Characterization of GNSs

The elemental content of the GNS surface was examined by X-ray photoelectron spectroscopy

(XPS; ULVAC PHI, Quantera SXM) with Al Ka radiation using an analyzer at a pass energy of 26
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eV with 0.1 eV energy resolution. The energy shift due to charging was corrected by setting the C
Is binding energy to 284.5 eV. To quantify defects, Raman spectra were recorded at 532 nm

excitation wavelength using a Raman spectrophotometer (JASCO, NRS-3300).

4.2.3 Preparation of titanium(IV) oxide-coated GNS pigment

The GNS pigment was prepared by suspending hydrophilic GNSs in a TiOSO4 aqueous solution
containing urea and hydrolyzing them with heat, resulting in the formation of a TiO2 precursor on
the GNSs. This method has been suggested to suppress rapid precipitation during the coating
process [25]. In the hydrolysis of TiOSOs, sulfuric acid is generated in the reaction (Equation 1). In
a TiOSOs4 aqueous solution with urea, the urea is decomposed at elevated temperatures, generating
NH4" (Equation 2), thereby neutralizing sulfuric acid generated in the reaction and avoiding rapid
precipitation. In the present study, I examined whether the interference layer could be formed on

the substrate by hydrolysis of TIOSOs4 via a reaction controlled using urea:

TiOSO, + 2H,0 — > TiO(OH), + H,80, (1)
OC(NH,), + H* + 2H,0 — 3 HCOj3 + 2NH,* )

GNSs (0.5 g) were dispersed in 25 mL of deionized water. H2SO4 (FUJIFILM Wako Pure
Chemical, precision analysis grade), urea (FUJIFILM Wako Pure Chemical, reagent special grade),
and TiOSO4 aqueous solution were added to the dispersion. The resultant suspension was heated at
80°C with stirring. The TiOSO4 aqueous solution was obtained by diluting titanium(I'V) oxysulfate—
sulfuric acid hydrate (Sigma-Aldrich) with water and leaving it for 2 h to completely dissolve the
solid. Table 1 shows the concentrations of the H2SO4, urea, and TiOSO4 aqueous dispersion. The
GNSs were collected in small amounts (~0.1 g of dry weight) every 10-15 min starting from the
initiation of the process; the samples were suction-filtrated and washed with deionized water and 1
mol/L NaOH aqueous solution. The obtained GNS pigment was dried for 15 h at 80°C. The GNS
pigment was fired at 550°C in air for 30 min using a tubular furnace (Asahi Rika, ARF-50 K 700
W) to obtain TiO2-coated GNSs.
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Table 1. Experimental conditions for a hydrous titanium oxide coating in hydrolysis of TiOSO4

No TiOSO4 H>SO04 CO(NH2), Temperature Time
' (mol/L) (mol/L) (mol/L) (°O) (min)
1 0.44 0.05 0.1 80 30
2 0.44 0.05 0.1 80 45
3 0.44 0.05 0.1 80 50
4 0.44 0.05 0.1 80 60
5 0.44 0.05 0.1 80 120

4.2.4 Characterization of GNS pigment

The obtained GNS pigment was observed by scanning electron microscopy (SEM). SEM
observations were performed using a Hitachi SU3500 operated at an acceleration voltage of 15.0 kV.
The crystal phase of TiO2 was identified by X-ray diffraction (XRD, RINT2000, Rigaku) using
Cu-Ka (A = 1.542 A) radiation. The 26 measurement range was 10° to 90°, and the tube voltage

and current were 40 V and 30 mA, respectively.

4.2.5 Characterization of coating film containing GNS pigment

Acrylic polyol was synthesized by free-radical polymerization in 104 g of methyl isobutyl ketone
under a N2 atmosphere, using 33 g of tert-butyl peroxy-2-ethylhexanoate (Nippon Oil & Fats Co.,
Ltd., PERCURE® O) as an initiator and acrylic monomers (Table 2). The reaction was conducted
for 6 h at 110°C. Acrylic polyol with a hydroxyl content of 178 mg KOH/g was obtained. The
acrylic polyol exhibited Mn = 6400 and Mw/Mn = 1.9, as determined by GPC. To obtain acrylic
urethane paint, 26 g of acrylic polyol and 10 g of 1,6-hexamethylene diisocyanate (Asahi Kasei
Chemicals Corp., Duranate™ TPA-100, NCO content of 23%) as a curing agent were mixed just
prior to application. Toluene was added to reduce the viscosity. The isocyanate curing agent was
reacted with the acrylic polyol in a ratio of 1.0 isocyanate groups per hydroxyl group.

The GNS pigment was blended with acrylic urethane paint. The GNS pigment represented 5 wt%
of the solid content of the entire paint. Coating films were prepared by pouring acrylic urethane
paint in the chamber slide as a mold and subsequently left at room temperature for 24 h, and then

cured at 140°C for 30 min. The dry thickness was adjusted to be 100-150 pm. Visual observation
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and recording of the reflection spectrum were carried out from the glass side. UV—vis spectra were
acquired with a UV-vis spectrophotometer (Shimadzu, UV-3600 with an integrating sphere
attachment) to measure the diffuse-reflection component without specular reflection. Barium sulfate
was used as the reference plate.

Cross-sectional specimens of coating films were prepared using a focused ion beam (FIB, Hitachi
High-Technologies Corp., NB500) system. The fabrication process consisted of two stages: rough
milling with a Ga'-ion beam generated at an accelerating voltage of 40 kV and with a
beam-limiting aperture size of 300 pm for 2 h, followed by fine-finish milling using a
beam-limiting aperture size of 150 pm for 30 min. Cross-sections were observed by field-emission
scanning electron microscopy (FE-SEM, Hitachi High-Technologies Corp., Regulus 8230). The
size of the hydrophilic GNS and the thickness of TiO2 were measured using the open-source image

processing program ImagelJ [26]

Table 2. Sample specifications of acrylic polyol

Monomer g

Methyl methacrylate 37.6
2-Hydroxyethyl methacrylate 53.1
Caprolactone modified methacrylate* 41.3
Styrene 33.0

o]
)HTO \/\O(QJ\\/\/\/O\,KH
/12
o \
caprolactone modified methacrylate*
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4.3 Results and Discussion
4.3.1 Characterization of hydrophobic polymer dispersants

The yield of poly(ST-2VP), which was obtained as a white solid, was 16.5%. Figure 3 shows the
'H-NMR spectrum. The ST:2VP ratio was calculated as 6.7:1 from the number of protons of the
side chain, as determined from the 1H-NMR spectrum. The Mn of poly(ST-2VP) was 89,000, as
determined by GPC. From these results, the degree of polymerization of ST and 2VP was found to

be 737 and 110, respectively.

10 8 6 4  (ppm)

Figure 3. "H-NMR spectrum of poly(ST-2VP).

4.3.2 Characterization of hydrophobic GNS and hydrophilic GNS

Raman spectra were recorded to evaluate the amount of defects introduced into the graphite
particles in the dispersion prepared by the hydrogen peroxide—urea method. Figure 4 shows the
Raman spectrum of raw-material graphite particles, hydrophobic GNSs, and hydrophilic GNSs. A
small D-band (in the region 1270-1450 c¢cm'), sharp G-band (~1579 cm!), and a 2D-band
comprising two components, 2D1 and 2D2 (~2700 cm '), were observed in the spectra of all of the
samples. The sharp G-band peak is the stretching vibration of sp2 carbon. The intensity ratio (/n//c)
of the hydrophobic and hydrophilic GNSs (/n/Ic = 0.08) is only slightly greater than that of graphite
(Io/lc = 0.03), indicating that few defects were induced by damage during exfoliation. Moreover,
neither the shape of the 2D band, the G-band peak position, nor the intensity ratio (/n//c), which can
be used to determine the number of graphene layers in GNSs [27, 28], substantially changed after
exfoliation. This result suggests that the number of graphene layers in the GNSs might be greater
than 20 [28].
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Figure 4. Raman spectra: (a) graphite, (b) hydrophobic GNSs, and (c) hydrophilic GNSs.

The concentrations of C, O, and S elements of the graphite and GNS surfaces were measured by
XPS. Figure 5 shows raw data sets of high-resolution XPS spectra. Table 3 summarizes the
fractions of carbon, oxygen, and sulfur derived from the evaluation of the C Is, O Is, and S 1s
peaks. When the raw-material graphite particles were treated only with a hydrogen peroxide—urea
complex in the absence of poly(ST-2VP), the amount of oxygen increased from 1.9 to 3.0 at. %,
which indicates that the surface was oxidized by the acid treatment. However, when the
raw-material graphite particles were treated with the hydrogen peroxide—urea complex in the
presence of poly(ST-2VP), the O content decreased from 1.9 to 1.6 at. %, which indicates that
poly(ST-2VP) was adsorbed onto the surface, thereby covering O atoms in the surface of
hydrophobic GNS with poly(ST-2VP). A possible mechanism is explained as follows. The
hydrophobic surface of pristine graphite interacts with the PS part via a hydrophobic—hydrophobic
mechanism. A hydrophilic surface containing OH and COOH groups as a result of exposure to an
oxidation agent during the dispersion process exhibits good affinity with the pyridine moiety. Thus,
poly(ST-2VP) was adsorbed onto the GNS surface. In hydrophilic GNSs, the amount of O

increased from 1.6 to 1.8 at. %, and S atoms were also observed, which indicates that PSS was
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adsorbed onto the hydrophilic GNS. This thesis deals with synthesis of highly-designed functional

periodic mesoporous organosilicas (PMOs) and their applications.

Table 3. Carbon and oxygen content of GNS surface analyzed by XPS (at. %)

at. % C @) S
Graphite 98.0 1.9 —
Graphite with hydrogen peroxide—
urea complex 97.0 3.0 —
without poly(ST-2VP)
Hydrophobic GNSs 98.4 1.6 —
Hydrophilic GNSs 98.1 1.8 0.1
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Figure 5. High-resolution XPS spectra from which the data in Table 2 were extracted.
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Figure 6 shows the corresponding SEM images. As shown in Figure 6(a), raw-material graphite
particles were sphere-like, with a diameter greater than 100 pm. The hydrophobic GNSs and
hydrophilic GNSs were plate-like, with lengths of 1 to 7 um and smooth surfaces (Figure 6(b) and
6(c)). No difference in size was observed between the hydrophobic and hydrophilic GNSs.
Hydrophobic and hydrophilic GNSs dispersed in various solvents are shown in Figure 7, which
demonstrates the dispersibility of the GNSs. The hydrophobic GNSs were dispersed in a solvent
such as acetone, hexane, ethanol, or toluene but could not be dispersed in water. These results
indicate that hydrophobic GNS particles agglomerate when water is added because of the
hydrophobic poly(ST-2VP) adsorbed onto the surface of the hydrophobic GNSs. By contrast, the
hydrophilic GNSs could be dispersed in water. These results indicate that the PSS was adsorbed
onto the GNS surface via ionic bonding using the pyridine rings of the poly(ST-2VP) as active sites
to increase the surface charge. Good dispersion of the hydrophobic GNSs in water produces special
optical effects. Alignment of the GNSs with their front facing the water results in the highest
reflectance and a change from bright to dark as the viewing angle changes. This dependency on the
angular strength of the reflected light is known as the flip-flop effect in paint, which is commonly
observed with flake-shaped pigments [29, 30]. The flip-flop effect was observed in the aqueous
dispersion of hydrophilic GNSs. This effect indicates that the hydrophilic GNSs were

well-dispersed, with a two-dimensional (2D) structure in water.
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Figure 6. SEM images of GNS: (a) graphite, (b) hydrophobic GNS, and (c) hydrophilic GNS.
(a) (b) (©) @ @ (f)
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L ; J .
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Figure 7. GNSs dispersed in various solvents: (a)—(e) hydrophobic GNSs and (f) hydrophilic
GNSs.
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4.3.3 Characterization of GNS pigments

The hue of the GNS pigment prepared by hydrolysis of TiOSO4 changed, depending on the
reaction time, to yellow, red, purple, blue, or green interference color (Figure 8(a)—(e)). This result
indicates that the film thickness increased in accordance with the reaction time, causing a change in
the color of the particles as a result of a change of the interference wavelength. Figure 8(f) shows
SEM images of the GNS pigments. The surface of the hydrophilic GNSs was coated with a film of
TiO2; however, the film had cracks. By examining in which step the cracks formed, I found that
cracks had already formed when the GNSs coated with a layer of TiO2 precursor were dried at 80°C.
This behavior is attributed to the GNSs having been modified with polymer dispersant on their
surface; the polymer dispersant led to weak adhesion between the GNSs and TiO: precursor, which
resulted in the film also shrinking in the lateral direction on the pigment surface during drying of

the TiO2 precursor.

(a) No.1 (c)No.3

Y

(d) No.4 (e) No.5

(b) No.2
7 R

38

-
T T —
15.0kV 4.7mm x5.50k SE 10.0um

Figure 8. (a)—(e) Photographs of GNS pigments prepared using various reaction times
(reaction times: (a) 30 min, (b) 45 min, (¢) 50 min, (d) 60 min, and (¢) 120 min). (f) SEM
image of GNS pigment No. 4.
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Figure 9(a, b) shows the results of the XRD analysis of hydrophilic GNSs. The 26 peaks at 26.0°,
54.2°, and 86.8° correspond to the graphite basal planes along the c-axis: (002), (004), and (006),
respectively (M in Figure 9). 26 peaks corresponding to other planes—(100), (101), (110),
(112)—were also observed. Figure 9(c, d) shows the results of the XRD analysis of the crystal
phase of TiO2 in the GNS pigments. In addition to the hydrophilic GNS peak, the 26 peaks at 25.2°,
37.5°, 47.2°, 62.3°, and 74.7° correspond to the (101), (004), (200), (204), and (215) planes of
anatase-type TiO2, respectively (¥ in Figure 9). These peaks are attributed either to GNSs or to
anatase-type TiO2, with no other peaks observed. Therefore, the TiO2 on the pigment was

anatase-type TiOx.
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Figure 9. (a) X-ray diffraction (XRD) pattern of hydrophilic GNSs; (b) magnified image of

(a). (c) XRD pattern of GNS pigments (No. 1-5); (d) magnified image of pattern No. 5.
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4.3.4 Characterization of coating films containing GNS pigments

Figure 10 shows photographs and reflection spectra of coating films containing GNS pigments.
The films exhibit a series of interference colors from yellow to red, purple, blue, and green. Figure
9(a)—(c) shows cross-sectional SEM images of coating film No. 2 with a red interference color, No.
4 with a blue interference color, and No. 5 with a green interference color. The hydrophilic GNSs
used as a substrate for the pigment exhibit a thickness of 50 to 180 nm. The film thickness of TiO2
increased from 60.0 = 9.7 nm to 85.6 + 14.6 nm and 126.3 = 17.4 nm with increasing reaction

time. These results indicate that the TiO2 film thickness can be controlled by the reaction time of

TiOSOs4.

(a) No.1 (b) No.2 (c) No.3 (d) No.4 (e) No.5

_
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Figure 10. Optical characterization of coating films. (a)—(e) Optical images of coating films

and (f) the recorded reflectance spectrum of each coating film.

To test the aforementioned hypothesis, I used a standard thin-film interference model and
calculated the reflectance of one layer of anatase TiO2 on the GNS substrate of a coating film. The

thin-film interference model that I used is shown in Figure 11, where di is the film thickness,
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¢, 1s the angle of incidence in medium 0, ¢; and ¢, are the angles of refraction in media 1
and 2, respectively, and ngy, n,;, and n, are the refractive indexes in media 0, 1, and 2,

respectively. ¢, ¢, can be calculated by Snell’s law (1):

Ny sin ¢y = n4 sin ¢, = n, sin ¢, (1)

The basis on the interference theory is the Fresnel equations, which give the Fresnel reflection
(191, 112) coefficients as follows. The Fresnel reflection coefficients for the parallel and
perpendicular polarized light at the planar interface between two linear isotropic media are

represented by 7, and 7, respectively:

Ny €os ¢y — Ny €OS P,

T =
015 ™ no cos ¢ + 1y cOS Py
N4 CoS ¢y — Ny COS Pq

ey =
017 ™" n, cos g + ng cos ¢
N, Cos ¢p; — n, cos ¢,

T- =
125 ™ n, cos ¢y + n, cos ¢,
N, €os ¢p; — nq CoS ¢,

T12p =

n, cos ¢ + nq cos ¢,

A is wavelength. [ is the phase difference of multiply reflected wave inside medium 1 as it
transverses once from one boundary to the other. The phase difference f is given by

_ 2mnyd; cos ¢y
B il

The total reflected amplitude 7 is given by

To1 + rype 28
1+ 1y e 28
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The reflectance R is the squared magnitude of 7:

R=1r|?

The model reflection spectrum can be obtained by plotting R as a function of A contained in

B.

R

. 1 R2 R3
¢ | Medium 0
0 : Refractive index n,
d ' Medium 1
1 'O\ ! / Refractive index n,
! Medium 2
E b2 Refractive index n,

Figure 11. Schematic of thin-film interference

The theoretical reflectance spectrum was estimated from a model thin-film interference equation
[3][31] under the assumption that the angle of incidence was 0° and that the refractive index of the
coating films, anatase TiO2, and GNSs was 1.5, 2.3 [32], and 2.6 [33], respectively. The TiO2 film
thickness d was measured from cross-sectional SEM images. Figure 12(d)—(f) shows the measured
and model spectra of films No. 2, No. 4, and No. 5. A broad valley at ~493 nm is experimentally
observed for film No. 2, and a broad valley at ~552 nm is observed in the model spectrum. Broad
peaks at ~383 and ~540 nm are experimentally observed in the spectra of films No. 4 and No. 5,
respectively, and broad valleys at ~394 and ~581 nm are observed in the model spectra. The model
thin-film interference equation corresponds reasonably well with the measured reflectance spectrum,
which supports our hypothesis that the tunable coloration of GNS pigments is caused by the
thin-film inter-reflections of TiO2, depending on the film thickness. However, the reflectance values
in the measured reflectance spectra are 0.41 to 0.73 times higher than the reflectance values in the
model reflectance spectra. These results indicate a poor orientation of the pigment. This effect is
attributed to the GNS pigment particle size being smaller than that of conventional pearl pigments

(10-200 um), which makes alignment of the GNS pigment particles parallel to the substrate surface
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difficult, favoring their random orientation in the coating films (Figure 13). Figure 14 shows images
at different viewing angles of the coating films containing GNS pigments. These colors do not

depend on the viewing angle. This result also suggests that GNS pigments were randomly oriented
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in the coating films.

This research demonstrated that randomly oriented GNS pigments exhibited angle-independent
color in coating films. As future work, I will explore the orientation of the pigments to provide a
clear understanding of the relationship between the size and orientation of pigments and the
coloration and control method for obtaining brightly colored materials. As such, I expect to also

demonstrate black pearl-like coatings through controlled orientation of densely arrayed pigments in

films.

Reflectance / %

(d) 45 min

(b) 60 min

(e) 60 min

()

(f) 1

120 min

20 min

—Measured
F —Model x0.73

v

1 1 1 1 1 1 L L

Reflectance / %

—Measured
- —Model x 0.41

0
400 450 500 550 600 650 700 750 800

Wavelength/ nm

0
400 450 500 550 600 650 700 750 800

Wavelength/ nm

Reflectance / %

w

N
T

—Measured
—Model x 0.55

L
400 4

50 500 550 600 650 700 750 800
Wavelength / nm

Figure 12. (a)—(c) SEM images of cross sections through the GNS pigments in coating films;

(d)—(f) measured and modeled reflectance spectra of each coating film. Blue and red curves

represent experimental and modeled reflectance spectra, respectively.
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Figure 13. Cross-section SEM images of a coated film with a GNS pigment-rich layer:

(a) the coating film and (b) the GNS pigment-rich layer
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(b) 30 (c) 60°

Figure 14. Photographs at different viewing

4.4 Conclusion

To obtain an interference color pigment with enhanced interference color, I prepared an
interference layer of TiO2 on a GNS substrate, which was a novel black sheet structure prepared by
wet dispersion. The results are summarized as follows.

1. Using a hydrogen peroxide—urea complex as an oxidizing agent and poly(ST-2VP) as a
dispersant in DMF, I prepared sheet-like (length and width of 1 to 7 um, thickness of 50 to 180 nm)
hydrophobic GNSs with a low defect concentration. Hydrophobic GNSs exhibited good
dispersibility in hydrophobic solvents.

2. To disperse the hydrophobic GNSs in water, hydrophilic GNSs were prepared by adding an
anionic polymer dispersant that interacted with the pyridine groups of poly(ST-2VP) to increase the
surface charge.

3. The hydrophilic GNSs were coated with a TiO2 precursor deposited onto the GNS surface via
hydrolysis of TiOSO4. A GNS pigment coated with anatase TiO. was obtained after thermal
treatment.

4. GNSs with a sheet structure covered with a thin film of TiO2 exhibited different reflectance
colors depending on the thickness of the TiO: film.

The GNS pigments synthesized in the present work represent an environmentally friendly and
nonfading pigment composed of conventional graphite and TiO2. Our study showed that GNSs
enhanced the color contrast and that the randomly oriented GNS pigment exhibited

angle-independent color in the coating film by diffuse reflection. Ongoing studies will explore

90



Chapter 4: Preparation of Interference Pigment Using Black Graphite Nanosheet

modifications to the assembly procedures to control the orientation of the pigments and the

coloration.
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5.1 Introduction

Car owners want their cars to have a long-lasting scratch-free appearance. Scratch resistance is
thus one of the most important properties of automotive coatings [1-4]. Even superficial scratches
or marring can deteriorate the high-gloss appearance of automotive coatings. Since the scratch
resistance of automotive coatings is important for maintaining appearance, it is necessary to
understand the changes in scratch resistance over time [4].

To evaluate coating service life, degradation evaluation methods have been combined with

chemical and physical characterization techniques [5-8]. Typical degradation evaluation methods
for coatings are outdoor weathering and accelerated weathering tests. Accelerated weathering tests
are designed to simulate degradation under usage conditions in a short time. Commonly used
scratch resistance tests include simulated car wash tests, scratch tests, rubbing tests, and
micro-hardness tests [9]. Scratch tests are the preferred quantitative mechanical measurement
method because they can sensitively detect the degradation of a coating surface [6, 10, 11].
Several studies have reported that the scratch resistance of coatings degrades after exposure to
accelerated weathering [5, 6]. Possible mechanisms of this degradation include crosslink scission,
which is caused by chemical reactions such as hydrolysis and leads to poor strength, and crosslink
formation, which is caused by the recombination of free radicals from photo-oxidation and leads to
a hard and brittle coating. Another possibility is that some residual crosslinking occurs during the
early stage of exposure, making the coating hard and brittle.

Fourier transform infrared spectroscopy (FT-IR) is the most powerful tool for understanding
changes in the chemical properties of coating surfaces [12, 13]. Other forms of spectroscopy and
sample preparation techniques have been reviewed [14, 15]. Changes in the chemical and physical
properties of polyester-urethane coatings exposed to accelerated weathering have been reported [8].
It was found that crosslink density diminished during exposure, making the coatings brittle.
However, the tensile modulus of the coatings increased with exposure. These results suggested that
in addition to diminished crosslink density, polymer physical aging during accelerated weathering
contributes to the changes in mechanical properties. The degradation and physical aging processes
are not yet fully understood, and thus further studies are required.

Accelerated weathering is commonly used to simulate normal usage conditions. In contrast, the

outdoor weathering test is rarely used. However the effects of accelerated weathering may be
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different from those caused by usage conditions [16]. Gerlock et al. [17] and Bauer et al. [18]
reported the weathering chemistry of polyester urethane clear coats subjected to outdoor weathering
tests in Florida or Arizona and various accelerated weathering tests. They found that none of the
accelerated weathering tests was acceptable for their samples because isophthalate degradation,
which does not occur in outdoor weathering tests, was observed using photoacoustic infrared
spectroscopy [17]. However most clear coats today are based on acrylic resin backbones because of
their good balance of cost, durability, and scratch performance [19]. Clear coat materials based on
acrylic resin today need suitable verification to be applied accelerated weathering tests. Moreover,
the effects of exposure conditions on scratch properties are not yet fully understood.

The present study investigates the relationship between scratch resistance and the chemical
changes in acrylic clear coats in an outdoor weathering test. Differences in degradation between

outdoor exposure and accelerated exposure are also discussed.

5.2 Materials and Methods
Three types of coating were exposed to outdoor weathering and investigated using a scratch test
and FT-IR. The results were compared with those for coatings exposed to accelerated weathering

tests.

5.2.1 Sample preparation

Three types of coating with two types of crosslinking commonly used in automotive coatings were
examined in this study. The two isocyanate coatings based on acrylic resins (2K polyurethane
coatings) are denoted Coating A (7z = 70.0°C, as determined by tan & curve from a dynamic
mechanical analysis (DVA-220 dynamic mechanical analyzer, ITK Co., Ltd.) performed at a
frequency of 1 Hz and a strain of 1%) and Coating B (7 = 79.2°C), respectively. A 1K epoxy acid
coating based on acrylic resins is denoted Coating C (7 = 72.7°C). To simulate a typical
automotive coating, the samples were prepared by successively applying an electrodeposited
coating, a primer surfacer, a black finishing coat, and clear coat over a steel substrate. Coating films
were prepared by spraying on the samples with a dry thickness of 30-40 um and subsequently

curing them at 140°C for 30 min.

95



Chapter 5: Degradation of Scratch Resistance of Clear Coatings by Outdoor Weathering

5.2.2 Outdoor weathering test

Outdoor exposure was performed for 1, 3, 6, and 12 months in Okinawa, Japan. After the outdoor
weathering test, the samples were stored at room temperature and humidity in the dark place. Table
1 shows the weather conditions for the outdoor exposure test sites in Naha, Okinawa, from August
2008 to July 2009. These data were provided by the Japan Meteorological Agency. One month in

this study means a unit of time equal to 365/12 days.

Table 1. Weather conditions of outdoor exposure

Daily global
Exposure Sum 01:» Temperature  Relative humidity S.um of . solar radiant
precipitation sunshine duration
exposure
month mm °C % h MJ/m?

1 139.5 29.0 73 243.3 21.3
2 267.5 28.2 74 150.5 16.1
3 214.5 26.4 72 208.1 15.9
4 119.0 22.5 72 114.5 10.3
5 19.5 18.7 64 130.5 9.8
6 32.5 16.7 64 103.9 9.7
7 37.0 19.9 73 134.9 13.2
8 165.5 19.6 75 87.5 12.4
9 132.5 20.5 70 133.0 16.1
10 185.0 23.7 73 219.4 21.6
11 402.0 26.4 81 159.9 18.5
12 62.0 29.2 77 253.8 22.8

5.2.3 Accelerated weathering tests

Three types of accelerated weathering test were performed on the coatings.

+ Xenon weathering test. Accelerated weathering of the samples was carried out in an accelerated
weathering chamber (ATRAS Ci4000) according to ISO11341:2004 for 240 h. The xenon
weathering test protocol provides continuous exposure to xenon arc ultraviolet (UV) radiation (60
W/m? @ 300-400 nm irradiance), and 18 min of deionized water spray every 2 h with a black panel
temperature of 63°C and a chamber temperature of 40+£1°C. Borosilicate glass inner and outer
filters were used with the xenon arc lump to simulate the spectral distribution under usage

conditions.
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+ Xenon weathering test without water spraying. The xenon test without water was carried out on
samples covered by borosilicate glass container, which had a rectangular envelope shape and was
open at the bottom. This experiment was conducted under the same temperature and humidity as
those in the xenon test but there was neither water droplet contacts nor dew on the coating surface.
Samples used in the accelerated weathering chamber are shown in Figure 1.

+ Water immersion test. A water immersion test was conducted on Coating A and Coating B. The
samples were immersed in deionized water at 40°C for 240 h. A constant-temperature water bath

was used (Yamato Scientific Co., Ltd., BA500)

Sample for xenon weathering test

Sample for xenon weathering test
without water spraying

Borosilicate glass container

Xenon arc lump
with borosilicate glass filters

Figure 1. Photograph of xenon weathering test and xenon weathering test without water
spraying in the accelerated weathering chamber
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5.2.4. Scratch test

Scratch tests were carried out on a micro-scratch tester (CSM Instruments, MST) using a diamond
stylus with a 0.1 mm tip radius at 25°C and 50-52% relative humidity. In the scratch tests, the load
was progressively increased from 0.05 to 0.98 N at a scratch speed of 300 mm/min and a scratch
length of 50 mm. When no cracks were observed in the scratch trail, the initial load was increased
by 0.98 N and another scratch test was conducted. This process was repeated until cracks appeared.
Scratch deformation and fracture were observed using confocal microscopy (Lasertec, OPTELICS
H1200). As the normal force was increased from 0.05 to 4.98 N at a constant rate, the critical
fracture force, defined as the force at which 10 cracks with a length of more than 50 pum were
observed in the microscope view area (900 um x 900 um), was determined (Figure 2(a)). Although
the critical fracture force can be used to quantify scratch resistance, the load at which the first crack
forms is experimentally unstable. I thus chose the load at which a contiguous crack is initiated as a
quantitative measure. The criterion I adopted (10 cracks with a length of more than 50 microns in a
900 um x 900 um field of view ensures high reproducibility and stability. The depth of the scratch

deformation was measured from the coating surface plane (Figure 2(b)).

(a) (b)

Depth (um)

EGE G %50 um /1 —
. ..' RAr 0 1.00 2(I)0 3(l)O 460

Length (um)

& N
~

Depth of
900 pm scratch deformation

Figure 2. Definitions of scratch resistance parameters. (a) Optical micrograph of scratch
fracture. Critical fracture force is defined as the force at which 10 cracks with a
length of more than 50 um are observed in a microscope view area (900 pmx
900 um). (b) Cross-sectional profile. The depth of scratch deformation was
measured from the coating surface plane.

5.2.5FT-IR
The FT-IR spectra were obtained using an FT-IR spectrometer (Thermo Scientific, Nicolet iS50)

equipped with a mercury-cadmium-telluride (MCT) detector with the attenuated total reflectance
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(ATR) technique. The samples were washed with a sponge and mild detergent and wiped with
alcohol before being analyzed. I selected a germanium prism with a contact area 100 um in
diameter as the internal reflection element, which permitted the infrared beam to a depth of between
0.3 um (4000 cm™) and 1.2 um (1000 cm™), to detect only the degradation of the topmost surface
of the coatings. The spectra were recorded from 4000 to 400 cm™ at a resolution of 8 cm™. A total
of 64 scans were accumulated. The contact load was controlled to be a constant value to ensure
high quantitative accuracy [20]. The difference spectra were obtained by subtracting the spectrum
of the unexposed coating from that of the exposed coating without normalizing the spectra. The
accuracy of difference spectra was checked by comparing spectra taken at two different locations in
a same sample. The reproducibility of the difference spectra was estimated to be 2% in absorbance

by comparing the results obtained at different locations.
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5.3 Results and Discussion
5.3.1. Scratch properties of coatings subjected to various weathering tests

Figure 3 shows a typical micrograph of Coating A after the scratch test. Scratch deformation was
observed on the coating surface, and fracture occurred with cracks at forces above the critical
fracture force. This crack morphology was observed for all samples. Figure 4 shows the critical

fracture force for coatings subjected to various weathering tests.

Scratch direction
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Figure 3. Optical micrographs of Coating A after scratch test. Each micrograph
shows the typical position. Dents indicate scratch ends.
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Figure 4. Critical fracture force plotted against outdoor exposure and accelerated
exposure for (a) Coating A, (b) Coating B, and (c) Coating C.
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The critical fracture force for unexposed coatings was found to be greater than that for coatings
exposed to outdoor weathering for all sample types. No cracks were observed at 4.9 N in unexposed
samples for Coating B. The critical fracture force of coatings exposed to outdoor weathering
declined abruptly within 3 months, and then changed slightly from 3 to 12 months. It was found
that the coatings become brittle after a short exposure (1 month) to outdoor weathering.

Figure 5 shows the relation between the load and depth of scratch deformation of the coatings in
the scratch test. The progress curves of scratch deformation have a linear relationship with the
normal load. There were no significant differences in the depth of scratch deformation between
unexposed coatings and coatings exposed to outdoor weathering after 1 month for all sample types.
As scratch deformation is related to viscoelastic properties, the results suggest that the viscoelastic
properties of the coatings remained unchanged after 1 month of outdoor weathering. Thus, it is
assumed that coatings exposed to outdoor weathering for 1 month had lower fracture resistance

than that of unexposed coatings even though their viscoelastic properties were unchanged.

(a) (b) ()

10 16 10
W Unexposed 14 | | ™ Unexposed W Unexposed

81 |4 1 month outdoors 12 |- | 4 1 month outdoors 8 |4 1 month outdoors
E s} Ef0} E s}
z c s} 53
a 4} 2 gL a4} J/
[ [ [
(@] o o

2 41 2k

el A
o L L L ! OL‘-/' 1 1 ! 1 0 L L L
0 0.5 1 1.5 2 25 0 1 2 3 4 5 0 0.5 1 1.5 2
Load (N) Load (N) Load (N)

Figure 5. Relation between load and depth of scratch deformation in scratch test for
(a) Coating A, (b) Coating B, and (c) Coating C.

The critical fracture force of coatings exposed to the xenon test without water or water immersion
was almost the same as that of unexposed coatings. Coatings exposed to the xenon test exhibited
cracks in the scratch trail, and their critical fracture force was as low as that of coatings exposed to
outdoor weathering for 1 month. Scratch resistance degradation after 1 month of outdoor exposure
could thus be reproduced by 240 h of the xenon test. Moreover, it was found that both water and

ultraviolet light are necessary to reproduce the degradation.
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5.3.2 Chemical changes of coating surfaces subjected to various types of exposure
Figures 6-8 show FT-IR difference spectra for various exposed and unexposed samples. Peaks

rising and falling from the baseline indicate increases and decreases in the absorption of functional

groups, respectively.

increase’ v " . ® 4(O-H)
el
decrease o °F ¢ ® v(NH-CO) in crosslinking
*v X * y(C-H)
3 months v(COO) in peroxide
o v(C=0) in acrylic polyol
m v(C=0) in isocyanate
m §(C-H)
g 6 months ) o
2 4 v(C-0) in crosslinking
®©
2 X surface contamination
?
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<
<
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l_*‘_\ '
i W Water immersion
4000 3000 2000 1000

Wavenumber (cm”')

Figure 6. FT-IR difference spectra before and after tests for Coating A.
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Figure 7. FT-IR difference spectra before and after tests for Coating B.
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Figure 8. FT-IR difference spectra before and after tests for Coating C.
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For the 2K polyurethane coatings, there were decreases with outdoor exposure time in CO-NH
(amide II) bending absorption (peak area centered at 1510 cm™), C=0 stretching (1741 and 1691
cm™), C-O stretching (1240 cm™), C-H stretching (2931 cm™), and C-H bending (1480 cm™), and
increases in O-H stretching (3462 cm™) and N-H stretching (3280 cm™). This indicates that main
chain scission occurs as a function of outdoor exposure time due to hydrolysis reactions (Scheme 1).
The absorption peak at 1755 cm™ indicates that peroxides were generated. These results indicate
that the peroxides and radicals formed in the photo-oxidation reaction are responsible for the
observed degradation. The photo-oxidation reaction leads to the scission of the polymer network or

chain, resulting in decomposition at the coating surface.

O
R\NJI\O,RI+ H,O — R-NH; + R'—OH + CO,

Scheme 1. Degradation reaction for 2K polyurethane coatings.

For the epoxy acid coatings, there were decreases with outdoor exposure time in the C=0
stretching absorption (1727 cm™), C-H stretching (2927 cm™) and C-O stretching (1161 cm™), and
increases in O-H stretching (3462 cm™) and CO-OH stretching (1700 cm™). Epoxy acid coatings
consist of ester bonds formed in acrylic resin and in crosslinking; therefore, either one of the
polymer network or chain scission occurs as a function of outdoor exposure time due to hydrolysis
or photo-oxidation reactions (Scheme 2). An absorption peak at 1755 cm™ appeared. Therefore, the
polymer network or chain is assumed to be diminished by the photo-oxidation reaction for epoxy

acid coatings.

OH
R OH OH
R O\)\ +H,0 — ! +
\([)( R, 2 \g/ HO\)\R2

Scheme 2. Degradation reaction for epoxy acid coatings.
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It was found that degradation on the surface is consistent with main chain scission for all samples.
Possible mechanisms for this degradation on the surface, even after a short exposure time, are as
follows. The attenuation of UV light that passes through the clear coat depends on pass length due
to the effect of the UV light absorber additive. However, the UV light absorber cannot effectively
shield the topmost surface of coatings due to the Lambert-Beer law. Therefore, UV light leads to
the chemical degradation of the coating surface even after a short exposure. The UV light absorber

is effective for deeper regions of the coatings, which thus retain their bulk properties.

5.3.3 Relationship between chemical degradation and scratch properties

The relationship between the critical fracture force and FT-IR absorption associated with main
chain scission, degradation products, and desorption products was examined (Figure 9 and 10).
After outdoor exposure for 3 months, the critical fracture force decreased and absorbance changed,
indicating degradation of the coatings. This implies that there is a good correlation between the
critical fracture force and the degradation reaction. This interpretation can also be applied to the
epoxy acid coatings (Figure 11). However, the critical fracture force became almost constant from 3
to 12 months, even though degradation is assumed to have continued after 3 months. The critical
fracture force is only weakly related to the degree of degradation after 3 months for all sample
types. Therefore, scratch resistance degrades as a function of main chain scission in the early

exposure period.
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Figure 9. Relation between critical fracture force and absorbance for each group in Coating A.
(a) Chain scission, (b) Degradation products, and (c) Desorption products.
@ W A : Outdoor weathering test, O[1/\: 240-h xenon test.

107



Chapter 5: Degradation of Scratch Resistance of Clear Coatings by Outdoor Weathering

Critical fracture force (N)

of d
=
@®© (] -
_g 0005 L v(NH-CO)
8 ¢ H y(C-0)
<C
N -0.01 |
|
| | | |
1 2 ’ 4 5
Critical fracture force (N)
0.01
3
5 kﬂ m v(O-H)
2 ol '\ gl |4 v(COO)
N
-0.005 - - - -
1 2 3 4 5
Critical fracture force (N)
(c)
o} O o)
3 [m|
ot
£ S8(C-H
Q o %
§ -0.005 | ( )
< M v(C-H)
< @]
[ |
-0.01 |
| | | |
1 2 3 4 5
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(a) Chain scission, (b) Degradation products, and (c) Desorption products.
@ B A : Outdoor weathering test, O[1/\: 240-h xenon test.

108



Chapter 5: Degradation of Scratch Resistance of Clear Coatings by Outdoor Weathering

0.005
: 0 j'/.n/.
; o
©
£
8 -0.005 H v(C=0)
Q
<
N -0.01}
-0.015 - -
0.5 1 15 2
Critical fracture force (N)
0.015 (b)
g 001
= B v(COC=0)
Q0
g 0.005 ® y(CO0)
Q
< A y(O-H)
N 0
-0.005 - -
0.5 1 15 2
©) Critical fracture force (N)
c
0.005
[0} (V) =
5 0.005 |
277 'm
< W (C-H)
N 001}
-0.015 [ .
0.5 1 15 2

Critical fracture force (N)

Figure 11. Relation between critical fracture force and absorbance for each group in Coating C.
(a) Chain scission, (b) Degradation products, and (c) Desorption products.
@ W A : Outdoor weathering test, O[]/\: 240-h xenon test.
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5.3.4 Comparison of degree of degradation with outdoor exposure and accelerated exposure

To investigate the difference in the effects of outdoor exposure and accelerated exposure on these
coatings, the degree of degradation determined from the FT-IR spectrum of each functional group
was compared. Figure 12 shows the method used to estimate the equivalent exposure time for the
alkyl bond. The difference in absorbance by the alkyl bond between outdoor exposure and
accelerated exposure was 0.0024, indicating that the degree of degradation after 240 h of the xenon
test corresponds to that after 0.94 months of outdoor exposure for Coating A. Tables 2-4 show
outdoor exposure time that corresponds to accelerated exposure time for each functional group for
Coating A, Coating B, and Coating C, respectively.

The degree of degradation after 240 h of the xenon test corresponds to that after 0.49-2.3 months
of outdoor exposure for Coating A (Table 2). The amount of peroxide equivalent to 2.3 months was
generated by photo-oxidation, and those of OH bonds and NH bonds equivalent to 0.49 and 0.62
months, respectively, were generated by the hydrolysis of crosslinks in the xenon test. The ratio of
each reaction in the xenon test was different from that in the outdoor weathering test. The degree of
degradation after 240 h of the xenon test without water corresponds to that after 0-0.84 months of
outdoor exposure for Coating A. Therefore, the degradation reactions in the xenon test were more
promoted than those in the xenon test without water. The degree of degradation after 240 h of the
xenon test without water corresponds to that after 0-4.4 months of water immersion for Coating A.
The amount of peroxide equivalent to 3.5 months was generated by photo-oxidation, and those of
OH bonds and NH bonds equivalent to 0 and 0.63 months, respectively, were generated by the
hydrolysis of crosslinks in water immersion. The ratio of each reaction in the water immersion test
was different from that in the outdoor weathering test. The degradation reactions in various
accelerated weathering tests were different from that in the outdoor weathering test for Coating B
(Table 3) and Coating C (Table 4).

The degradation reactions with accelerated exposure were the same kinds as that with outdoor
exposure, but the balance between the extents of reactions was not reproduced. The photo-oxidation
reaction in the xenon test was more promoted than that in the outdoor weathering test. This may be
due to the difference in exposure conditions between the outdoor weathering test and the
accelerated weathering test in terms of UV radiation, temperature, and moisture, and the changes of

these parameters or other substances derived from the environment.
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Figure 12. Estimation of outdoor exposure time that corresponds to the accelerated exposure
from FT-IR absorption. (The difference in the absorbance of the alkyl bond was 0.0024,
indicating that the degree of degradation in the xenon test after 240 h corresponds to that after
0.94 months of outdoor exposure for Coating A. The estimation line is the linear interpolant

between experimental points. )

Table 2. Estimation of outdoor exposure time (months) that corresponds to 240h of accelerated
exposure for Coating A

vw(C-H) v(N-H)  vO-H)  vCO00)  §C-H)  vC-0) v(NH-CO)

Xenon test 0.94 0.49 0.62 23 1.2 1.9 1.8

Xenon test 01 0.3 0.71 0.84 0.68 0.19 0.0

without water

Water immersion 0.59 0.0 0.63 3.5 4.4 2.8 0.13

Table 3. Estimation of outdoor exposure time (months) that corresponds to 240h of accelerated
exposure for Coating B

v(C-H) v(N-H) v(O-H) v(COO) v(C-O) v(NH-CO)
Xenon test 0.7 0.3 0.6 1.2 2.3 1.6
Xenon test 0.7 0.2 0.4 0.2 1.4 0.3

without water
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Table 4. Estimation of outdoor exposure time (months) that corresponds to 240h of accelerated
exposure for Coating C

v(C-H) v(COC=0) v(COO0) v(O-H) v(C=0)
Xenon test 2 0.95 1.7 0.35 0.0

X test
ACNOM es 13 0.0 0.17 0.0 0.0
without water

5.4 Conclusions

This study revealed that the physical and chemical changes of coatings exposed to outdoor
weathering are related to scratch resistance. These changes were compared to those in accelerated
weathering tests.

After only 1 month of outdoor exposure, the scratch resistance of both isocyanate and epoxy acid
coatings remarkably decreased even though there was almost no change in the bulk properties. This
decrease in scratch resistance is likely due to crosslink scission in the coating surface layer by
oxidation and hydrolysis during exposure.

Although the xenon test also lowered the scratch resistance and caused the same kinds of chemical
changes as those found with outdoor weathering, the proportions of each reaction were different
between the two types of weathering. Neither the xenon test without water spraying nor the water
immersion test could reproduce the scratch resistance degradation found with outdoor weathering.
These results indicate that the reproduction of the scratch degradation observed with outdoor
weathering needs both light and water, and that the standard xenon test is unsuitable from the

viewpoint of chemical reactions.
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6.1 Introduction

In recent years, the scratch resistance of automotive coatings has become an important issue with
improving appearance and reducing the risk of failures such as cracking and peeling. Even very
light scratches or marring can deteriorate the high-gloss appearance of an automotive coating. As
consumers desire a longer lasting scratch-free appearance, scratch resistance has become one of the
most important properties of automotive coatings [1, 2]. Scratches in these coatings have been
classified into two types: fracture-type and plastic deformation type [1-8]. Fracture-type scratches
represent permanent damage. On the other hand, surface deformations can recover over time,
eventually even becoming invisible to the naked eye [4]. This phenomenon arises from purely
elastic or elastic-plastic behavior and is called "self-recovery". As scratch recovery increases
scratch resistance, its improvement is an important avenue of investigation, and the recovery of
deformation-type scratches is the main focus of this paper.

The development of scratch-resistant coatings has primarily been based on 2K urethane systems
[5]. 2K coatings consist of an acrylic polyol base resin and an isocyanate curing agent. 2K coatings
are well known to exhibit superior scratch recovery compared to traditional automotive coatings
such as 1K melamine coatings. Acrylic polyols have a higher mechanical strength and durability
than other options, and have considerable flexibility in their molecular design. One of the most
popular methods of obtaining coatings with high scratch resistance is the utilization of a high
crosslink density or low glass transition temperature (7¢) [6]. Increasing the crosslink density
increases the toughness of a coating, thereby improving the scratch resistance. On the other hand,
decreasing Ty increases the flexibility of coatings, reducing stress concentration and making the
coating more difficult to rupture. Moreover, a lower T increases the speed of scratch recovery
[7-9].

Scratch recovery speed is related to 7y because the recovery of deformation is based on
rheological phenomenon involving elastic or elastic-plastic behavior, which depends on the
mobility of the main chain of the coating [10]. A previous study examined the relationship between
the recovery speed of scratch deformation and temperature for coatings. As the difference between
temperature and 7, decreased, the scratch deformation recovery speed increased [8]. This implies
that when the temperature is very close to or above Tg, the viscoelastic relaxation may be fast,

allowing higher molecular mobility. In contrast, minimal recovery was observed at room
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temperature because of the low molecular mobility in the glass state below 7. No other method for
remarkably increasing scratch recovery properties was found, other than lowering 7y in
conventional coatings. Low-T; coatings have fast recovery characteristics like rubber but cannot
obtain sufficient hardness. The high molecular mobility at room temperature induces practical
problems of chemical resistance and permanent soiling of soft surfaces. Therefore, base resins with
a carbon-carbon main chain such as an acrylic polyol are close to limits of improved scratch
recovery characteristics and chemical resistance, as both properties arise from the same causes as
molecular mobility [11, 12].

Thus, coatings containing siloxane materials are attracting increased attention in efforts to impart
further scratch resistance to coatings [12, 13, 14]. Noh et al. investigated the scratch characteristics
of automotive clearcoats based on an acrylic polyol resin with a silane-modified blocked isocyanate
(SMBI) crosslinker. SMBI has two different functional groups per molecule: three alkoxysilane and
two blocked isocyanate groups, which participate in the formation of crosslinking networks.
Clearcoats with higher amounts of SMBI had a higher crosslinking density than conventional
clearcoats without SMBI, and demonstrated superior scratch resistance in nano-scratch, Amtec—
Kistler car-wash, and Crockmeter tests [12]. However, even in these clearcoats, deformation was
not recovered at room temperature, but self-recovery did occur during heating at above 7, for 2 h
[14]. The reason for this is likely that even with coatings containing a siloxane bond, viscoelastic
properties based on main chain mobility were the same as those of conventional coatings.

Herein, I explore the remarkable improvement of scratch recovery characteristics using a base
resin with a siloxane main chain, as opposed to a carbon-carbon main chain such as an acrylic
polyol. Yoshii et al. compared siloxane polymers and PMMA, and reported that siloxane chains are
flexible, and that their flexibility decreases as the crosslinking density increases. Moreover, the
flexibility of the siloxane main chain in crosslinked polysiloxane is higher than that of PMMA with
a main chain of carbon-carbon bonds at room temperature [15, 16]. Therefore, crosslinked
polysiloxane with an appropriate crosslinking density was expected to exhibit superior mechanical
properties and scratch recovery characteristics. However, few studies have reported the scratch
recovery characteristics of polyorganosilsesquioxane-containing coatings.

Herein, I examine crosslinked polyorganosilsesquioxane coatings to investigate the possibility of

their application as automotive clearcoats. A polyorganosilsesquioxane precursor was prepared by
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hydrolysis reaction and a condensation reaction of trialkoxysilane with an amino group followed by
isocyanate curing to form a coating. The scratch recovery characteristics of coating films
crosslinked with polyorganosilsesquioxane were measured by micro scratch test and compared with

those of conventional coatings.

6.2 Materials and Methods

Two different coatings were used in this study: one was a crosslinked polyorganosilsesquioxane
coating (Si-film) and the other was a conventional 2K urethane coating (C-film). To obtain the
Si-film, a precursor with an amino group (SiPP-AP) was synthesized by a sol-gel process, which
involves the hydrolysis and dehydration-condensation reaction of trialkoxysilane with the amino
group. Finally, the Si-film was obtained by crosslinking the amino group of SIPP-AP with

isocyanate.

6.2.1 Sample preparation
6.2.1.1 Sample preparation of SiPP-AP

First, a 30 mL stoppered pear-shaped flask was loaded with methanol (3.5 ml) and
phenyltrimethoxysilane (PTMS) (6.3 g, 0.032 mol) and 3-aminopropyltrimethoxysilane (APTMS)
(5.7 g, 0.032 mol). The mixture was stirred for 30 minutes at room temperature. Then, while being
stirred, 2.8 ml of an aqueous solution of 0.04 mol/L. sodium hydroxide and toluene (6 ml) was
added, and the stirring was continued for another 10 minutes. After that, the obtained solution was
stirred for 6.5 h at 70°C (Scheme 1). The obtained SiPP-AP was washed with THF and Hexane and
dried under vacuum. All chemicals employed were purchased from Tokyo Chemical Industry Co.,
Ltd., and all solvents were purchased from FUJIFILM Wako Pure Chemical Corporation and used

without further purification.
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SiPP-AP

Scheme 1. Reaction scheme of SiPP-AP

6.2.1.2 Sample preparation: Si-film

SiPP-AP (1.00 g) and blocked isocyanate (0.76 g) were dissolved in methyl isobutyl ketone (1.00
g). Blocked isocyanate was synthesized by protecting the hexamethylene diisocyanate uretdione
(ASAHI KASEI) with 3, 5-dimethylpyrazole (Tokyo Chemical Industry Co., Ltd.) in acetone. The
blocked isocyanate was reacted with SiPP-AP in a ratio of 1.0 isocyanate groups per amino group
of SiPP-AP. Blocked isocyanate groups can regenerate reactive isocyanate groups at curing
temperatures by detaching the blocking agent that can react with the amino functional groups of
SiPP-AP to form a urethane linkage. To simulate a typical automotive topcoat, the coating was
prepared by successively applying an electrodeposition coating, an intermediate coating, and a base
coating over a steel substrate to coat a 50-um-thick film after curing. The Si-film was cured at
140°C for 30 min (Scheme 2). Samples for dynamic mechanical analysis were prepared by coating
on a PP plate, followed by baking in a hot air oven at 140°C for 30 min and then peeling. The

average thickness of the free-standing coating films (5 mmx30 mm) was 50 um.

o} o Vo o ,
SiPP-AP + /N‘N—C—H—(HZC)GNAN-(HZC)G—H—é—r\}j\ 140°C, 30 min »Si-film
—_ 6 g N

Blocked isocyanate

Scheme 2. Reaction scheme of Si-film
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6.2.1.3 Sample preparation: C-film

A 1000 ml separable flask was loaded with methyl methacrylate (22.8 wt%), 2-hydroxyethyl
methacrylate (32.2 wt%), caprolactone-modified methacrylate (25 wt%), Styrene (20 wt%), and
methyl isobutyl ketone. Nitrogen gas was bubbled into the solution for 30 min to remove dissolved
oxygen. After adding tert-butyl peroxy-2-ethylhexanoate (Nippon Oil & Fats Co., Ltd.
PERCURE® O) (10 PHR) as an initiator to the solution, the solution was placed in a thermal bath
at 110°C for 6 h to obtain an acrylic polyol with a hydroxyl content of 178 mg KOH/g. An
isocyanate curing agent and toluene were added to the mixture to obtain a liquid coating. The
isocyanate curing agent was a trimer of 1,6-hexamethylene diisocyanate (Asahi Kasei Chemicals
Corporation, Duranate™ TPA-100, NCO content of 23%). The isocyanate curing agent was reacted
with the acrylic polyol in a ratio of 1.0 isocyanate groups per hydroxyl group. The coated plate used
for the scratch test and the free film for measuring the dynamic viscoelasticity were obtained by the

same method used for the Si-film.

6.2.2 Characterization of SiPP-AP

* Thermogravimetric analysis
The relative composition by weight of organic groups in SiPP-AP was estimated by
thermogravimetric analysis (EXSTAR 6000 TG/DTA 6300, Seiko Instruments Inc.) For each
measurement, 17 mg of dried powdered sample was placed in a platinum sample pan and analyzed
in the range from 25 to 900°C at a heating rate of 5°C/min with 0.5 L/min of air flow.

* Fourier transform infrared spectroscopy (FT-IR) measurement

FT-IR spectra were measured using a FT-IR AVATAR360 (Thermo Nicolet) in attenuated total
reflection mode. Each spectrum was the average of 32 scans using a spectral resolution of 2 cm ™',
and a diamond prism was used.

+ ¥Si-NMR spectroscopy
Conversions for the polymerizations were estimated by *’Si HD MAS NMR spectroscopy
(AVANCE 400, manufactured by Bruker BioSpin).
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6.2.3 Characterization of Si-film, C-film
6.2.3.1 Scratch behavior

Scratch tests were carried out on a CSM micro scratch tester using a diamond stylus with a 0.1
mm tip radius at 25°C and 50-52% RH. The scratch behavior of coatings can be evaluated in terms
of the load at penetration depth (Pd) during scratching and the residual depth (Rd) after scratching.
The typical scratch procedure is described below.

(a) A pre-scan with a very small constant load (0.05 N) was carried out to measure the surface
profile and initial surface profile.

(b) Progressively increasing the load from 0.05 N to 1.96 N at scratch speed of 300 mm/min
for a scratch length of 100 mm.

(©) A post-scan with a very small constant load (0.05 N) was carried out to measure the
residual scratch depth in damaged coatings after scratching.
The penetration depth can be calculated as the difference between the displacement of the stylus in
step b) and the depth measured in the initial surface profile ((b)—(a)). The residual depth can be
calculated as the difference between the depth of the scratch deformation measured in the post-scan
and the depth measured in the initial surface profile ((c)—(a)). The elastic recovery index was
determined from Pd and Rd using equation (1).

Elastic recovery index = Pdp_de x 100 (1)

The time dependence of scratch deformations caused by the macro-scratch tester at 1.96 N of
force was measured from 15 min to 24 days after the scratch test by confocal microscopy (Lasertec

OPTELICS H1200).

6.2.3.2 Dynamic mechanical analysis
DMA measurements were performed using an ITK Co., Ltd. DVA-220 dynamic mechanical
analyzer. The DMA test was performed at a frequency of 1 Hz and a strain of 1%, with

temperatures ranging from -50 to 160°C and a heating rate of 5 K/min.
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6.3 Results and Discussion
6.3.1 Characterization of SiPP-AP

SiPP-AP obtained by the hydrolysis/dehydration condensation reaction of PTMS and APTMS was
a transparent viscous liquid, soluble in general purpose solvents such as THF, acetone, ethyl acetate,
and N, N-dimethylformamide. This indicates that SiPP-AP has the possibility of being a suitable
base resin for the coatings. The thermal properties of the coatings were characterized by TGA in air
to confirm that they corresponded with the mass ratio of the raw materials (Figure 1). For SiPP-AP
samples, a 52% weight loss was observed from 200 to 700°C. After the weight loss of the SiPP-AP
above 700°C, the weight loss of the sample approached 48%. This suggests that the amount of
inorganic moieties in the resin remain in a platinum sample pan. The measured weight loss
corresponded closely to the theoretically calculated fraction of inorganic moieties in the raw
materials, which was 50%. The TGA characterization results indicated that the obtained SiPP-AP

had the same composition ratio of PTMS and APTMS used in its preparation.
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Figure 1. Weight loss of SiPP-AP on heating
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6.3.1.1 Characterization of Si-film

A clear and crack-free Si-film was successfully prepared by reaction between SiPP-AP and
blocked isocyanate (Figure 2). This suggests that the Si-film may be suitable for clearcoats.
Figure 3 shows FT-IR spectra of a prepared Si-film and SiPP-AP that are useful for evaluating the
crosslinking reaction. Characteristic absorption peaks at 3440 cm™ (vsi-on), 3335 cm™ (v~-H), 2930
em™ (ven), 1640 em™ (vwen), 1510 ecm™ (vnen), 1430 em™ (Vphenyt), 1097 em™ (vassi-o-si), and 1024
cm! (vassio-si) were observed in SiPP-AP. Therefore SiPP-AP exhibited both a 1430 cm™ phenyl
group peak and 1640 cm™ and 1510 cm™ amino group peaks, indicating that the structure of PTMS
and APTMS was maintained in the SiPP-AP. However, some changes in peak patterns were
observed after curing, which increased the absorption peaks at 3335 cm™, 1640 cm™, and 1510 cm™.
Therefore, amino groups of SiPP-AP had reacted with isocyanate groups through the formation of
stable urea bonds. As expected, the Si-film was crosslinked SiPP-AP.
»Si NMR spectra of SiPP-AP and Si-films (shown in Figure 4) were used to evaluate the
condensation reaction. In the solid-state ?°Si NMR spectra, chemical shifts of -45 to -90 ppm were
observed in four signals with different degrees of condensation. Four kinds of signals were
observed at -57 ppm (C-Si=(0Si)2(OR), T?), -65 ppm (Phenyl-Si(OSi)2(OR), T?), -72 ppm (C-Si=
(0OSi)s, T%) and -80 ppm (Phenyl-Si=(0Si);, T>), reflecting a highly condensed material in the
SiPP-AP sample. The peak areas of T?> and T?> decreased from SiPP-AP to Si-film, which indicates

that the heating step used in curing may account for the increasing silanol condensation rate.

Figure 2. Photograph of Si-film
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Figure 3. FT-IR spectrum of SiPP-AP and Si-film
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Figure 4. *Si-NMR spectrum of SiPP-AP and Si-film
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6.3.1.2 Viscoelastic properties of films

The scratch recovery characteristics are related to viscoelastic properties. To compare the
viscoelastic behavior of the films made of different main chain structure, Figure 5 shows storage
modulus (£’) and tan J against temperature obtained by DMA.

E'of the Si-film at room temperature was 1.1 GPa, compared to 1.8 GPa for the C-film, which
was almost the same order of storage modulus. This indicates that the hardness of Si-film is similar
to those of C-film at room temperature. £'of C-film drops about two orders or more around 70°C,
which is so called glass transition, while that of Si-film gradually decreased about one order in
wider temperature range. Glass transition makes large change in viscoelastic properties in C-film,
so that the scratch recovery ability also largely changes. In the other hand, Si-film, which indicates
no sharp transition in viscoelastic properties, holds the same scratch recovery ability through
temperatures mentioned here. Though it is not clear that what parameter controlled the scratch

recovery rate, Si-film has definitive advantage by low dependency of viscoelastic properties on

temperature.
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Figure 5. Dynamic storage modulus and tand
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6.3.2 Scratch and recovery characteristics
6.3.2.1 Elastic recovery of scratch deformation

Figure 6 shows scratched surface images and scratch profiles during the aforementioned scratch
test, indicating the progress of Pd and Rd on Si-films and C-films. The progress curves of Pd and
Rd each exhibited a linear relationship with the vertical load. No fracture was observed on both
coatings. The scratch depths at 1.96 N on Si-film recovered from 18.6 pm to 2.4 pm, whereas
C-film recovered from 17.3 um to 4.9 um. While the Pd values of Si-film and C-film were similar,
immediately after the scratch test the Rd value at 1.96 N of Si-film was less than that of C-film. The
elastic recovery index after the scratch test was superior for the Si-film, which recovered 87%. The

C-film only recovered 72% (Table 1).

or 2
5 s Rd
Lo -
[0} —
O 45F
Pd -
|a| Si-film
(b) C-film
(s S| e — —jﬁ
250 ym
1 1 1
0 0.5 1 1.5

Load /N

Figure 6. (Top) Progressive load scratch testing curve of Si-film(blue solid line) and C-film(red

dotted line), (Bottom) Scratched surface (a) Si-film, (b) C-film
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Table 1. Elastic recovery index at 1.96 N.

Elastic recovery / %

Si-film 87

C-film 72

6.3.2.2 Residual deformation for 15 min after scratch test

Figure 7 shows images and cross-sectional profiles of scratch deformations 15 min after scratch
testing at 1.96 N. A shallow groove and small shoulders were observed in the Si-film, while a deep
groove over 4 um deep and shoulders over 3 um high were observed in the C-film. On the Si-film,
the micro scratches were significantly flatter, and it was difficult to detect any residual deformation
with the naked eye after 15 min.

In the Si-film tested at 1.96 N, the scratch depth recovered from 2.4 pm to 0.9 um 15 min after
scratch, whereas the C-film recovered from 4.9 pm to 4.1 pm. The Si-film recovered about twice as

fast as the C-film. Thus, the Si-film demonstrated superior scratch recovery characteristics.
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Figure 7. Scratch deformation remained after 15 min of test by micro-scratch tester equipped with

1 mm radius diamond tip.
(Top) Scratched surfaces observed by confocal microscope. Dents indicate scratch ends.
(Bottom) Cross-sectional profiles at load 1.96N.
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6.3.2.3 Time dependence of scratch recovery behavior: scratch depth

Figure 8 shows the time dependence of Rd at 1.96 N for Si-film and C-film as measured using an
optical confocal microscope at room temperature and covers a time period of 24 days. Rd on the
Si-film changed from 0.9 pm to 0.7 pm, indicating that no significant recovery occurred. Rd of the
C-film changed from 4.3 um to 3.7 um, decreasing linearly with the logarithm of time from 15 min
to 24 days. Rd of the C-film recovered over time, which is too slow change more than 24 days, so
scratch deformation of the C-film might remain as permanent damage. In contrast, Rd of the Si-film
changed slightly because the strain was relaxed by 15 min after the scratch test, so a scratch

deformation of 1 pm or less would remain but would be invisible to the naked eye.
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Figure 8. Scratch depth change in Si-film and C-film
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6.4 Conclusion

The aim of this study was to investigate and demonstrate the superior scratch recovery capability
of automotive coatings compared to conventional coatings. Si-films crosslinked with
polyorganosilsesquioxane was prepared, and its recovery behavior was compared with that of a
conventional coating (C-film). The Si-film was transparent and free of cracks, indicating its
potential use as a clearcoat. The Si-film had a 20% higher elastic recovery index than the C-film,
despite the same indentation depth. Over time, the Si-film recovered about twice as fast as the
C-film, demonstrating the superior scratch recovery behavior of the Si-film. Scratch deformations
on the Si-film almost disappeared after 15 minutes, even at room temperature.
Consequently, I have demonstrated that Si-film achieves both a hardness suitable for automobile
coatings and superior scratch recovery behavior beyond that of conventional coatings. Automotive

coatings based on a siloxane main chain may offer dramatically improved self-recovery.
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7.1 Introduction

Polymer electrolyte fuel cells (PEFCs) are among the most promising high-efficiency,
zero-emission automotive power sources. However, several key challenges must be overcome to
enable the widespread use of PEFCs; these challenges include reducing their cost as well as
improving their productivity, performance, and durability. To resolve these issues, improving the
material characteristics and structure of the catalyst layers is critical. These catalyst layers are
formed from catalyst inks consisting of carbon-black-supported platinum (Pt) nanoparticles (Pt/C),
perfluorinated sulfonic acid ionomers, and a dispersion medium. Because ink formation also affects
the catalyst layer microstructure, the ink strongly influences performance [1-4]. To obtain a catalyst
layer with the desired microstructure, the underlying principles of the entire process must be
understood. In particular, the effects of adsorbed and nonadsorbed ionomers on the Pt/C surface and
subsequent changes in the structure of Pt/C should be investigated in detail because these factors
are affected by both the type of Pt/C [5, 6] and the composition of the dispersion medium [7-9].

Previous studies have examined ink formation using dynamic light scattering (DLS) [10],
ultra-small-angle neutron scattering (USANS) [11, 12], ultra-small-angle X-ray scattering
(USAXS) [5], and transmission electron microscopy (TEM) [13, 14]. These techniques require the
sample to be sufficiently diluted to allow light or a beam to pass through the sample without
substantial scattering. When the stability and interaction of particles is investigated using the
Derjaguin—Landau—Verwey—Overbeek (DLVO) theory to characterize the competition between
repulsive electrostatic forces and the van der Waals attraction force, diluted catalyst ink (<1 wt%) is
commonly used [15, 16]. However, the agglomerated structures of Pt/C in catalyst inks are not yet
fully understood because of a lack of evaluation methods that do not involve dilution, especially for
high-concentration catalyst inks. On the basis of rheology and electrical conductivity measurements,
I propose that Pt/C should be treated as an agglomerate with a fractal structure and a network in the
case of high-solid (HS) catalyst inks. Therefore, this paper mainly discusses the agglomeration of
Pt/C by focusing on ionomer adsorption onto the surface of Pt/C in a HS catalyst ink.

Carbon black (e.g., Vulcan® and Ketjenblack®) is commonly used as a carbon support in Pt/C.
Carbon black has a hierarchical structure composed of primary particles with sizes ranging from 10
to 100 nm, which are strongly bonded together to form structures called aggregates, which are then

formed by van der Waals attraction force into agglomerates (Figure 1). The size of agglomerates is
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difficult to measure because their structure breaks up under shear flow. However, combinations of
rheological and other measurements can be used to characterize the microstructure without dilution.
For example, the network structures in carbon black suspensions for lithium-ion batteries [17] and
redox flow batteries and capacitors [18-21] have been evaluated using a rheometer and AC
impedance measurements.

In addition, when a carbon black slurry exhibits elastic properties, it can be considered a colloidal
gel with a network consisting of agglomerates. One of the most useful evaluation methods to
quantify the structure of these agglomerates is fractal analysis. Several experimental techniques are
available to analyze the fractal dimensions in agglomerates using rheology, microscopy, and
scattering [22]. From the standpoint of rheological measurements, a strongly agglomerated slurry
displays a plateau modulus G’, with a power-law dependence on the particle volume fraction
(G'y < ¢*). The fractal dimension (df) is determined by the scaling exponent A, and models have
been compared based on scaling theory. Various scaling-theory models have been proposed [23].
When df = 1.8, fractal-like structures become much more open because of diffusion-limited
cluster aggregation (DLCA) [22]. DLCA is a fast process of cluster aggregation via van der Waals
attraction force. The clusters move by Brownian motion and adhere to each other upon contact,
which occurs when a high salt concentration is added to the suspension. Greater values of df
indicate denser agglomerates. When df = 2.1, agglomerate structures are formed using more
compact clusters via reaction-limited cluster aggregation (RLCA). RLCA is a slow process of
cluster aggregation under a repulsive barrier, such as an electrostatic repulsive barrier due to the
surface charge of the particles or a steric repulsive barrier due to adsorbed dispersants. Compact
clusters form because, as a consequence of the repulsive barrier, clusters collide many times before
actually sticking together. This process leads to some degree of interpenetration. These two regimes
have been confirmed by simulations and experiments using various colloidal particles [24]. This
analysis has been applied to manufacturing processes to, for example, predict the rheological
properties of slurries used for lithium-ion batteries [25] and to analyze slurries for
high-performance redox flow batteries and capacitors [21]. Although fractal analysis has not been
previously applied to HS catalyst inks, I demonstrate in the present study that it is an applicable and
useful index value for agglomerate structures. In addition, rheological analysis provides useful

information about the microstructure, aiding identification of the coating performance and storage
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stability of HS catalyst inks in manufacturing processes.

Hence, in this research, I investigated the relationship between the Pt/C agglomeration structure in
HS catalyst inks and the extent of ionomer adsorption by Pt/C by examining the rheological
behavior, electrical conductivity, and sedimentation of the inks. The adsorption was controlled by
the water content of the dispersion medium. The fractal dimensions were evaluated from
rheological data when the volume fraction of Pt/C (¢py/c) changed. Furthermore, the effects of
changing the type of Pt/C on the surface characteristics of Pt/C in the same dispersion medium are

discussed.

Figure 1. Typical TEM image of Pt/C agglomerate dried on a grid.
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7.2 Materials and Methods
7.2.1 Catalyst ink preparation

The performance of PEFCs depends on the water/1-propanol ratio in the catalyst inks [26, 27].
Thus, four catalyst ink series containing different ratios of the water/1-propanol dispersion medium
were examined. In addition, HS catalyst inks with a high alcohol content increase the risk of the Pt
catalyzing combustion of the alcohol. I therefore chose water-rich catalyst inks with 48—89% water
content. Furthermore, the type of Pt/C affects the microstructure of the catalyst inks and their
rheological behavior [5]. Thus, three catalyst ink series with different types of Pt/C and the same
dispersion medium ratio (water/1-propanol = 67/33) were examined. Table 1 summarizes the
compositions of the catalyst inks. Pt/Vulcan (TEC10V30E, carbon black: Vulcan XC72R®, primary
particle size 10-40 nm [28]) and Pt/Ketjen (TEC10E40E, carbon black: Ketjenblack®, primary
particle size ~30 nm [29]) were purchased from Tanaka Kikinzoku Kogyo. Pt/Ketjen has a greater
surface area and larger internal pore volume than Pt/Vulcan [5]. Vulcan (Vulcan XC72R®) with no
Pt was purchased from Cabot Corp. All of the Pt/C types and solvents were used without further
purification.

Ultrasonication enhances the dispersion of Pt/C because of the power input; however, achieving a
completely uniform catalyst ink is difficult. A mixer enhances the uniformity of the whole catalyst
ink. Moreover, insufficient degassing of the catalyst inks can adversely affect their rheological
behavior. Therefore, ultrasonication, mixing, and degassing were used in the present work to
prepare the catalyst inks [30].

In a typical experiment, a 20 mL sample tube was loaded with 0.005 < ¢pyc < 0.067 of Pt/C or
carbon black and 5.5 wt% Nafion® (D2020 manufactured by The Chemours Co.). This sample was
added to a dispersion consisting of water and 1-propanol in a ratio of 48:52, 67:33, 75:25, or 89:11,
and a planetary mixer/deaerator (the MAZERUSTAR® KK-250S manufactured by Kurabo
Industries Ltd.) was used for degassing and mixing for 4 min. The mixture was sonicated for a total
of 15 min using an ultrasonic homogenizer (UH-600, SMT Corp.), followed by degassing and
mixing for 4 min.

The acid capacity of the Nafion® used in the catalyst inks was 1.05 meq/g. The ionic strength of

the catalyst inks was 0.058 mol/L. The Debye length (1/x) was estimated using Equation (1):
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2000e?N4cz?
i =1/ (R (M

where e is the elementary charge (1.602 x 107!° C), Na is Avogadro’s number (6.022 x 10? mol ™),
g, is the absolute permittivity of vacuum (8.854 x 107! F/m), k is the Boltzmann constant (1.381 x
1072 J/K), c is the ionic strength (mol/L), z is the ion valency, ¢ is the relative permittivity of the
dispersion medium, and 7 is the temperature (K). The 1/k value of these catalyst inks, as
determined using Equation (1), ranged from 1.0 to 1.2 nm at 25°C. Electrostatic repulsion due to
the electrical double layer was eliminated by adding a high concentration of the Nafion ionomers,

thereby making the Pt/C aggregates highly attractive.

Table 1. Sample specifications of catalyst inks

Pt/C Ionomer Solvent
Sample series PU/C particles Mass of Nafion Water:1-propanol ratio

P (Wt%) in the dispersion medium (w/w)
48% water ink TEC10V30E 5.5 48:52
67% water ink TEC10V30E 5.5 67:33
75% water ink TEC10V30E 5.5 75:25
89% water ink TEC10V30E 5.5 89:11
Pt/Vulcan ink TEC10V30E 5.5 67:33
Pt/Ketjen ink TEC10E40E 5.5 67:33
Vulcan ink Vulcan XC72R® 5.5 67:33

7.2.2 Characterization of catalyst ink
7.2.2.1 Measurement of the adsorption ratio of ionomers on the surface of Pt/C

To evaluate the adsorption ratio of the ionomers on the Pt/C, a supernatant solution without Pt/C
was separated from the catalyst ink by filtration and weighed. This experiment was carried out
using a microelectronic balance (BM-20, A&D Co.) with 0.001 mg readability. The concentration
of the ionomers in the supernatant (Cp) was measured by weighing the supernatant before and after

vaporization of the dispersion medium at 80°C. Dividing the difference between the initial
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concentration of the ionomers (Cpo) in the catalyst inks and Cp by Cpo gives the adsorption ratio

(I') of the ionomers on Pt/C (Equation (2)):

Cpo—C
I—v — Po 14 (2)
Cpo
The measurement was repeated twice, and measurement errors were recorded. In instances where

the error bars are smaller than the symbol size, the error bars cannot be seen in Figure 3.

7.2.2.2 X-ray photoelectron spectroscopy (XPS)
The C and O elements of the Pt/C surface were characterized and the C ls spectra were recorded
by XPS (Quantera SXM, ULVAC-PHI) using Al Ko monochromatic radiation. The energy shift due

to charging was corrected by setting the C 1s binding energy to 284.5 eV.

7.2.2.3 Rheological measurements
A rheometer (MCR301, Anton Paar GmbH) with a cone plate fixture (50 mm diameter, 1° angle,
and 0.101 mm gap) was used. To ensure reproducible results, a pre-shear process was carried out to
remove the shear history. A rheological measurement protocol was followed: (1) Catalyst inks were
loaded onto a plate using a spoon. (2) The catalyst inks were sheared in one repetition at a shear
rate from 0.01 s™! to 1000 s™! as the pre-shear process. (3) After the pre-shear process, the steady
flow viscosity () was measured from 0.01 s™! to 1000 s™'. (4) After a quiescent rest for 3 min, (5)
the amplitude of the oscillatory strain was changed from 0.01% to 1000% at a frequency of 1 Hz
and the evolution of the storage modulus (G') and loss modulus (G"') vs strain was recorded. The
experiments were performed at 25°C. The yield stress (oy,), which is defined as the minimum shear
stress required to initiate flow, was obtained by fitting the low-shear-rate regime to the Herschel—
Bulkley model (Equation (3)):
o =0y, +ky" 3)
The plateau storage modulus (G'y) was extrapolated from the data corresponding to 0.01-0.03%
data. The limit strain of linearity (y,)) was determined by the point at which G’ deviates by more

than 10% from a constant value G',.
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Figure 2. Sedimentation test

7.2.2.4 Sedimentation test
The catalyst inks were poured into glass tubes, where they separated into a clear supernatant and a
sedimentation layer over time. The sedimentation height (C) over the total height (Co) was

measured as a function of the settling time (Figure 2).

7.2.2.5 Electronic conductivity measurement

Parallel plates (diameter = 25 mm, A = 491 mm?) were connected to a rheometer (ARES-G2, TA
Instruments) and a potentiostat (HA-151B, Hokuto Denko Corp.) as electrodes. The catalyst inks
were placed between the electrodes, which were arranged with a gap (1) of 1 mm. When a voltage
of E = 0.3 V was applied, the stabilized plateau current I was measured after approximately 2 min.
The conductivity was calculated from Equation (4). All tests were performed at 25°C. During
measurement, the solvent was filled near the parallel plates and a lid was used to minimize air

exposure and protect the catalyst inks from evaporation.
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7.3 Results and Discussion
7.3.1 Adsorption ratio of ionomers on the surface of Pt/C

Figure 3(a) shows the adsorption ratio of the ionomers on the Pt/C in the different dispersion
media. The results show that the highest adsorption ratio was achieved for the ink containing 89%
water and that the adsorption ratio decreased with increasing addition of 1-propanol. This trend
implies that the hydrophobic fluorocarbon backbone of the ionomers adsorbed on the Pt/C surface
in 89% water, that the ionomers had a sulfonic acid group that was readily ionized and negatively
charged [6], and that the ionomers adsorbed on the Pt/C were dissolved as a result of the increasing
1-propanol content [31, 32].

Among the three Pt/C series, the highest adsorption ratio was achieved with Vulcan ink, followed
by Pt/Vulcan ink and Pt/Ketjen ink (Figure 3(b)). Table 2 summarizes the results of the XPS surface
chemical analysis of Pt/C. Both the element content and deconvoluted carbon spectra indicate that
the Vulcan had a higher carbon content than the other inks. This result indicates that pristine Vulcan
is more hydrophobic than Pt/Vulcan and Pt/Ketjen because Pt/Vulcan and Pt/Ketjen might be
exposed to acid during the catalyst preparation process. Thus, Vulcan interacts more strongly with
the ionomers via a hydrophobic—hydrophobic adsorption mechanism than Pt/Vulcan and Pt/Ketjen
[33, 34].
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Figure 3. (a, b) The adsorption ratio of the ionomers on the surface of Pt/C in the catalyst inks.

Effects of (a,c) the dispersion medium and (b,d) the type of Pt/C.

139



Chapter 7: Influence of Ionomer Adsorption on Agglomerate Structures in High-Solid Catalyst Inks

Table 2. Carbon and oxygen content and deconvolution of C 1s peaks by XPS

Pt/Vulcan Pt/Ketjen Vulcan
Content (%)
C (%) 96.2 96.3 99.3
0 (%) 3.8 3.7 0.7
C 1s deconvolution
C=C, C-C, C-H (284.50 eV) 95.9 96.3 088
C-0 (286.50 V) 2.1 1.9 0.7
C=0 (288.00 ¢V) 0.5 0.5 0.0
0=C-0 (289.00 eV) 1.6 1.3 0.4

7.3.2 Rheological properties

Figure 4 shows the rheological properties of the ink containing 48% water and 0.005 < ¢py/c <
0.067 of Pt/C. Figure 4(a) shows the shear-rate dependence of the viscosity. Newtonian behavior
was observed in the ionomer dispersion, whereas shear-thinning was observed in the catalyst inks.
This result suggests that agglomerates formed in the catalyst inks under static conditions and were
broken up by shear. The viscosity increased with increasing amount of Pt/C. Figure 4(b) shows the
shear-rate dependence of the stress. The o), value increased with increasing amount of Pt/C. Figure
4(c) shows the strain dependence of G’ and G". At ¢p/c = 0.005, the storage modulus was
lower than the loss modulus, suggesting that the Pt/C was randomly dispersed. At ¢p,c > 0.024,
the storage modulus was sufficiently higher than the loss modulus in the low-strain regions, further
implying that networked Pt/C agglomerates were formed. Agglomerates that displayed an elastic
response in low-strain regions showed flow in high-strain regions. In the high-strain regions
(>30%), remarkable strain-hardening, which is related to the phenomenon of shear-thickening,
occurred as the volume fraction of Pt/C was increased. Figure 4(d) shows G’y and G"' as
functions of the volume fraction of Pt/C. The intersection point of the two straight lines from G’
and G", as functions of the volume fraction of Pt/C is defined as the critical volume fraction of

the rheological percolation threshold (¢, ). In the ink containing 48% water, G’y and G"'g
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exhibited a power-law dependence on the volume fraction of Pt/C and ¢, . was 0.005. The

relationships between G’ and

G", suggest that the Pt/C agglomerates are randomly dispersed

when ¢pyc = 0.005 and form well-developed network structures when ¢p/c > 0.005 [35].
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Figure 4. Rheological measurements of ink containing 48% water and 0.005 < ¢p/c < 0.067

of Pt/Vulcan in 5.5 wt% ionomer solution and a dispersion medium (water/1-propanol = 48/52):

(a) steady shear viscosity (1) as a function of shear rate, (b) shear stress (o) as a function of

shear rate (the yield stress values (gy) were obtained by fitting to the Herschel-Bulkley model),

(c) storage moduli (G") (®) and loss moduli (G"") (©) as functions of the strain amplitude at 1 Hz

(the plateau modulus (G',) was extrapolated from 0.01-0.03% data), and (d) G,  and G, as

functions of the volume fraction of Pt/C in the catalyst inks (the critical volume fraction (¢, )

of the rheological percolation threshold was determined from the cross point between G’ and

GO”),
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Figure 5(a—c) shows the rheological properties of catalyst inks containing ¢p;,c = 0.050 of
Pt/Vulcan with 48-89 wt% water contents in the dispersion medium. Then, o, and G'; values
decrease with increasing water content. This behavior was interpreted on the basis of the occupied
volume fraction of the agglomerates such as carbon black. Loose agglomerates and the
three-dimensional network structure of Pt/C with a low df have a higher occupied volume fraction
than dense agglomerates of Pt/C with a high df at the same concentration. In addition, the
dispersing medium becomes trapped in loose agglomerates of Pt/C as a pseudo-solid phase and the
decrease in the volume of the free dispersing medium causes the 7, o,,and G’y of the catalyst ink
to increase [36]. Moreover, in the high-strain regions (>30%), the inks containing 48%, 67%, and
75% water exhibit greater strain-hardening with decreasing water content. The ink containing 89%
water exhibits no strain-hardening (Figure 5(c)).

Figure 5(d-f) shows the rheological properties of catalyst inks containing ¢p.,c = 0.037 of
different types of Pt/C. In all shear rate regions, 7, o), and G’ were lowest for the Vulcan ink,
followed by the Pt/Vulcan ink and Pt/Ketjen ink. As described by Khandavalli et al., the viscosity
of porous carbon is higher than hard-sphere carbon and increases as the effective volume fraction
increases [5]. The difference in # between Pt/Vulcan and Vulcan indicates a fractal structure of
agglomerates and that the network of Pt/C develops. A comparison of the properties of the catalyst
inks with the same ¢p.c reveals that, when fractal-like agglomerates are formed into
three-dimensional continuous networks in the Pt/Vulcan ink, the 1, oy, and G’y values are large.
By contrast, when dense agglomerates and, thus, a sparsely continuous Pt/C network are formed in
Vulcan ink, the 7, oy, and G’y values are low. Typical behavior of G’ and G" as a function of
strain was observed in the Pt/Vulcan ink and Pt/Ketjen ink in Figure 5(f). G’ is constant and
greater than G"' at low-strain regions and decreases at high-strain regions. Agglomerates with an
elastic response of the gel network in the low-strain region showed breaking and flow of the gel
network in high-strain regions, and the cross-point between G’ and G" was considered the gel
point. Our evaluation of the fractal dimension and stability properties using G’y and o, values

obtained from rheological data is discussed in section 3.3.
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Figure 5. Rheological measurement of (a, b, ¢) catalyst inks containing ¢pi,c = 0.050 of
Pt/Vulcan in dispersion media with 48-89 wt% water contents and (d, e, f) catalyst inks
containing ¢p,c = 0.037 of different types of Pt/C particles in a 5.5 wt% ionomer solution and
a dispersion medium (water/1-propanol = 67/33). (a, d) n as a function of shear rate; (b, ¢) o as

a function of shear rate; (c, f) G' (®)and G" (o) as functions of strain amplitude.

7.3.3 Evaluation of fractal dimension (df) from rheological data

Figure 6 shows how a,, G'y, and y, vary as functions of the volume fraction of Pt/C. In all of
the catalyst ink series, the values of o, and G'; exhibit a power-law dependence on the Pt/C
loading. Despite the variations, I obtained B from the slope by plotting log y, versus the Pt/C
loading. From the measured values of G', and y, as a function of ¢, 4 and B were calculated
from Equations (5) and (6), and df was calculated from Equation (7). The scaling model reported
in Ref. [22] that relates the structure of the agglomerates to the elastic properties was applied in the

present work.

Gp o< ¢ ®)
o o ¢ ©
A=f(df) =D ™

The expression for f (df) changes according to the interactions of the cluster constituting the
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colloidal gel. Three different gel regimes were identified: strong-link gel (¢ = 0), weak-link gel (a
= 1), and transition gel (0 < a <1) (Equation 7). Here, d is the Euclidean dimension 3 and the value
of x is the fractal dimension of the cluster backbone, which was assumed to be between 1.0 and 1.3.
Columns 2 and 3 of Table 3 show the scaling exponents 4 and B obtained from rheological
measurements. The value of scaling exponent 4 decreases with increasing water content. Shih et al.
classified boehmite alumina particle gels into a strong-link gel regime because the values of
exponents A4 and B ere 4.1 and —2.1 (i.e., the B value was negative). Thus, inks containing 48% and
67% water were classified as strong-link gels because these inks have similar 4 and B values; df
was subsequently calculated from a =0 and x = 1.3 [23, 37, 38]. According to Ikeda et al., protein
gels are classified as transition gels because the exponents 4 and B are 3.4 and —0.9 (i.e., the B
value is negative) [38, 39]. Thus, the inks containing 75% water and Pt/Ketjen ink were classified
as transition gels because these inks had similar 4 and B values; the df was calculated from a =
0.5 and x = 1.0. The inks containing 89% water and Vulcan ink were classified as weak-link gels (a
= 1) because they exhibited positive B values and a much lower G’ compared with the other inks
at the same concentration.

Column 5 of Table 3 shows the calculated fractal dimensions. The values of df are ~1.7 for the
inks containing 48% and 67% water, consistent with the DLCA results. The df wvalues are 2.0 and
2.6 for the inks containing 75% and 89% water, respectively. These inks are assumed to form more
compact agglomerates. The df value is 2.6 for the ink containing 89% water, which is quite high
and consistent with the RLCA results. Among the different Pt/C series, the df values for the
Pt/Vulcan ink, Pt/Ketjen ink, and Vulcan ink were 1.7, 2.1, and 2.6, respectively. I assumed that the
inks would form increasingly compact agglomerates in the order Vulcan ink, Pt/Ketjen ink,
Pt/Vulcan ink.

Our data were validated against the results of a previous study involving spherical polystyrene
particles. Buscall et al. investigated the rheology of strongly flocculated dispersions of polystyrene
particles at high concentrations, where a continuous network was formed [40]. They found that
oy, « ¢™ with 2.5 <m <3 and G, « ¢ with 4 = 4.3. The obtained values for m and 4 for the
polystyrene particles are similar to the corresponding values for the Pt/C agglomerates in a
strong-link gel regime.

In addition, Rooij et al. obtained the fractal dimension of weakly aggregating polystyrene latex
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dispersions from rheological data [41]. They reported A and B exponent values of 4.6 + 0.3 and
—2.5+ 0.3 and a df value of 2.0 £+ 0.2 calculated from Equation (8):
A+B=" (8)
In the case of our results, the df value calculated from Equation (8) was in the range 1.89-2.1.
Thus, the df value based on our results is within the same range as that reported by Rooij et al.;
however, our results reveal no relationship between the df value and the water content in the 48—
89% water inks. This discrepancy is likely attributable to differences in B, which is sensitive to
disruption of the weak-link network. However, the df values for Pt/Vulcan ink, Pt/Ketjen ink, and

Vulcan ink obtained using Equation (8) were 2.0, 2.0, and 2.6, in good agreement with our results

obtained using a and x.

Table 3. The calculated fractal dimension and critical volume fraction of the percolation threshold

Rheological Electrical
itical
Scaling Scaling Fractal Vf):lrl,llr:: Scaling Critical
exponent exponent Regime dimension fraction exponent volume
(4) (B) df) (t) fraction (¢,.)
(&)
Strong-link
48% water ink 40 -17 r‘;lg n 1.7 0.005 1.9 0.0006>
Strong-link
67% water ink 4.0 ~19 Onlg n 1.7 0.005 1.8 0.0005>
ge
75% water ink 33 ~15 Trz?m"“ 2.1 0.005 1.8 0.014
k-link
89% water ink 22 0.04 Wegil n 2.6 0.048 0.6 0.035
trong-link
Pt/Vulcan ink 4.0 -19 Sr‘;:f n 1.7 0.005 1.8 0.0005>
Transiti
Pt/Ketjen ink 3.4 -13 r:;l on 2.1 0.003 2.6 0.0005>
Vulcan ink 2.8 25 Weal;'lmk 2.6 0.065 0.7 0.020
ge
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Figure 6. Variation of (a, d) the yield stress (ay), (b, €) the plateau storage modulus (G'y), (¢,
f) and the limit of linearity (y,) with the volume fraction (¢p/c) of Pt/Vulcan in 5.5 wt%
ionomer solution with different water contents (a, b, ¢) and different Pt/C particles in 5.5 wt%

ionomer solution and a dispersion medium (water/1-propanol = 67/33) (d, e, f).

7.3.4 Stability properties
Figure 7 shows the sedimentation test results. With the inks containing 48%, 67%, and 75% water,
¢pyc = 0.011, 0.024, and 0.037 sedimentation occurred 1-5 days after separation between the
clear supernatant and sedimentation layer initiated, whereas no sedimentation was observed after at
least 30 days at ¢p/c = 0.050, 0.066. These results can be interpreted using yield stress g, as a
representative parameter for the stability properties. Mayer et al. proposed Equation (9) as a method
to obtain a stable suspension from the simple force balance between gravity and buoyancy for
particles in suspension [42]:
oy 2 Ea(pp —P)g )
where a is the mean diameter of the sediment particles, p; is the density of the dispersing

medium, and p,, is the density of the particles. Dividing the difference between the gravity force fg
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= na3pp g/6) and buoyancy force fo (= ma3p,g/6) by the cross-sectional area of the particles
1ta?/4 gives the theoretical minimum yield value based on the physical characteristics of the
particles involved. If the theoretical yield value exceeds the experimentally determined yield value,

sedimentation will occur in the suspension.

In the inks containing 48%, 67%, and 75% water, no sedimentation was observed when o, > 1.7
Pa because a continuous network of Pt/C agglomerates was formed, resulting in high yield stress in
these inks. When o, < 1.7 Pa, the sediment/liquid interface is clearly separated because the
continuous network of Pt/C agglomerates was not sufficiently strong, resulting in gradual
sedimentation due to gravity [43]. In Equation (9), when the density of Pt/C (p, = 2.7 g/cm®) and
the density of the dispersion medium (water, p, = 1.0 g/cm’) are considered, the lowest value of
gy to start sedimentation is expressed as 44a. The o, . value was 1.7 Pa, and the evaluated
average diameter of Pt/C agglomerates was a = 75 um. These values (o), = 1.7 Pa, a = 75 um)
agree with the values (g, = 1 Pa, @ = 100 pm) previously reported for carbon black suspensions
[21].

By contrast, no sedimentation was observed after at least 30 days for the ink containing 89% water
and the Vulcan ink, even though o, was lower by at least one order or more. This result indicates
that the Pt/C agglomerates were likely stabilized by the steric and electrostatic repulsion effect of

the ionomers [5, 32], inhibiting sedimentation [44].
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Figure 7. Sedimentation curves for different volume fractions of Pt/C in catalyst inks.

7.3.5 Electrical conductivity of catalyst inks

Measurements of the electrical conductivity of the catalyst inks enable their degree of
agglomeration and extent of network structure formation to be evaluated. A comparison of the
catalyst inks with the same ¢pvc reveals that, when fractal-like agglomerates are formed into
three-dimensional continuous networks, the electronic conductivity should be high. By contrast,
when dense agglomerates and, thus, sparingly continuous Pt/C networks are formed, the electronic
conductivity should be low. The ionomers also prevent the Pt/C nanoparticles from seriously
aggregating to form three-dimensional continuous networks, which could affect the electrical
conductivity. When network pathways are formed, so-called percolation occurs, which is
responsible for a sudden increase in conductivity. This transition occurs at the critical volume
fraction of conductivity (¢, ). The ¢, . and ¢ values were calculated from the measured electrical
conductivity 2 by a least-squares curve fitting according to Equation (10), as listed in columns 7
and 8 in Table 3:

o (@ = o)t (10)

Figure 8 shows the relationship between electronic conductivity and the volume fraction of Pt/C.
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The inks containing 48% and 67% water show a sharp increase in electrical conductivity when a
small amount of Pt/C is added, and a gradual increase when 0.005 < ¢rvc < 0.067 is added. The
inks containing 75% and 89% water show a gradual increase with increasing amount of Pt/C.
Comparing the catalyst inks with the same ¢p;/c shows that electrical conductivity increases with
decreasing water content (Figure 8(a)). Above the percolation concentration, the electronic
conductivity rises continuously, exhibiting a power-law relationship that was fitted using Equation
(10) (Figure 8(c)). The ¢, . value increases with increasing water content, which implies that
fractal agglomerates induce a lower percolation threshold (column 8 of Table 3). In terms of #, the
authors of a previous study reported that ¢ is in the range 1.65-2.2, which they theoretically
calculated for three-dimensional networks [18]. Thus, a ¢ value greater than 1.8 also supports the
hypothesis that rigid network structures of Pt/C agglomerates are formed in inks containing 48%,
67%, and 75% water and that a weak-link or partially networked structure of Pt/C agglomerates is
formed in ink containing 89% water. Among the different Pt/C series, the electrical conductivity
was lowest for the Vulcan ink, followed by those for the Pt/Vulcan ink and the Pt/Ketjen ink
(Figure 8(b)). The ¢, . value was the highest for the Vulcan ink, followed by those for the
Pt/Vulcan ink and the Pt/Ketjen ink. The Pt/Ketjen ink may exhibit the highest electrical
conductivity because of both the effect of the agglomerate structures and the effect of its lower
density per weight.

The electrical conductivity of the carbon black suspensions can be described by two different
mechanisms: electrical conduction and electron hopping. Electrical conduction occurs throughout
the network when agglomerates are in direct contact with each other [45]. Electron hopping occurs
because of the tunneling effect when agglomerates are separated from each other [46]. Richards et
al. revealed that electron hopping is the dominant charge transport mechanism for Vulcan and
Ketjen suspensions [47]. Our results similarly demonstrate that an electrical percolation threshold
smaller than rheological percolation implies that the agglomerates of carbon black are not formed
by mechanical contact between the conducting phase when the electrical percolation threshold is
reached. Thus, electron hopping occurs in low-concentration catalyst inks.

Moreover, the authors of another previous study reported that carbon black dispersions that form
fractal-like agglomerates via DLCA display higher electrical conductivity than carbon black

dispersions that form rather dense and spherical agglomerates via RLCA. Carbon black dispersions
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that use RLCA for electrical percolation require approximately 2—5 times the amount of carbon

black than carbon black dispersions that use DLCA for electrical percolation [21]. These results

also demonstrate that a catalyst ink with a lower fractal dimension exhibits greater electrical

conductivity than a catalyst ink with a higher fractal dimension because agglomerates formed via

DLCA are closer together than agglomerates formed via RLCA. On the basis of a comparison of

electrical conductivity, I found that the agglomerates differ in accordance with the dispersion
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Figure 8. Relationship between electronic conductivity (X) and the volume fraction of Pt/C
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log—log plots of the electronic conductivity as a function of the Pt/C content.
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7.3.6 Catalyst ink formation

In catalyst inks containing 48—-75% water, Pt/Vulcan ink, and Pt/Ketjen ink, the amount of
adsorbed ionomers was lower; the shear viscosity (), storage modulus (G'), and X thereby
increased. The df also decreased from 2.1 to 1.7 with decreasing water content. These results
demonstrate that the ionomers were not adsorbed on the Pt/C, resulting in the formation of a
network of agglomerates by van der Waals attraction force via DLCA (Figure 9(a)). The
sedimentation test results also demonstrate that forming a strong network with high o, enhanced
sedimentation stability.

By contrast, in catalyst inks containing 89% water and Vulcan ink, the amount of adsorbed
ionomers was higher, leading to the lowest values for #, G', and 2 and the highest df value of 2.6.
These results demonstrate that the adsorbed ionomers, through steric and electrostatic repulsion,
inhibit the formation of a rigid network (Figure 9(b)). In this case, more compact agglomerates are
formed via RLCA because agglomerates are formed only when the repulsive force created by the
adsorbed ionomers is overcome. The sedimentation test results also demonstrated that ionomer
adsorption produces a highly stable dispersion state, despite the low a,,.

In conclusion, this research demonstrates that the dispersion medium and type of Pt/C affect the
agglomerate structures. The following rheological control method for the coating process can be
proposed on the basis of these results. During coating with an HS catalyst ink, a high viscosity can
lead to difficulty in the coating and liquid-transfer processes. Catalyst inks with the desired
viscosity in the stable coating window can be obtained by changing the water content in the
dispersion medium, rather than changing the concentration. Moreover, strain-hardening, which is
related to the phenomenon of shear-thickening, can be restricted in the RLCA aggregation process.
Shear-thickening adversely affects the quality of coating films with ribbing instability in slot-die
coating in the roll-to-roll process [48]. Thus, these methods should be useful for improving the

quality of coating films.
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Figure 9. (a) Schematic of diffusion-limited cluster aggregation (DLCA) leading to aggregates
with a low fractal dimension (loose aggregates) and that are bound to form a rigid network structure
in inks containing 48%, 67%, and 75% water and Pt/Vulcan ink, Pt/Ketjen ink. (b) Schematic of
reaction-limited cluster aggregation (RLCA) leading to aggregates with a higher fractal dimension

(denser aggregates), which form a weak-link network in ink containing 89% water and Vulcan ink.

7.4 Conclusion

The aim of this study was to investigate the effects of ionomer adsorption on the formation of Pt/C
agglomerates in HS catalyst inks. The agglomeration structures of different types of Pt/C in
different dispersion media were examined on the basis of the rheological behavior, fractal
dimension, stability, and electrical behavior of the dispersed samples.

When 1-propanol was added to the dispersion medium, the amount of ionomers adsorbed on the
Pt/C decreased in accordance with the decreasing water content, thereby increasing the 7, g, Gy,
and electrical conductivity. The df value also decreased from 2.1 to 1.7 with decreasing water
content. These results suggest that low fractal agglomerates and a percolating network with low

fractal agglomerates were formed via DLCA in catalyst inks with a low water content.
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The amount of ionomers adsorbed on the Pt/C increased when the water content was high, leading
to the lowest values for 7, o), G'y, and electrical conductivity. In this case, df reached the
highest value of ~2.6, suggesting that more compact agglomerates formed via RLCA, where
agglomerates formed a weak-link network as a result of steric and electrostatic stabilization by the
ionomers. Similar ionomer adsorption results were obtained with the three Pt/C series.

Consequently, agglomeration can be controlled by ionomer adsorption onto Pt/C in HS catalyst
inks, leading to changes in their rheological behavior, stability, and electrical behavior. Furthermore,
this research demonstrates that the fractal dimension can be used to understand Pt/C aggregation in
catalyst inks. As a future work, I will extend this analysis to include numerical simulations to

provide a clear understanding of and method of controlling the coating process of HS catalyst inks.
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8.1 Introduction

Polymer electrolyte fuel cells (PEFCs) are power generators that produce electrical energy from
the reaction between oxygen and hydrogen. PEFCs have the potential to become more efficient and
produce higher power density than conventional internal combustion engines and are therefore
regarded as one of the most promising future automotive power sources. Furthermore, hydrogen
can also be produced from a variety of primary energy sources and are not reliant on fossil fuels.
However, there are several hurdles preventing the spread of PEFCs as an automotive power source,
including reducing cost through low platinum catalyst loading and improving durability. Key
measures to help resolve these issues include improving material properties and controlling the
structure of the electrode catalyst layers [1].

Catalyst layers are porous layers prepared from catalyst inks consisting of ionomer solutions,
carbon black-supported platinum (Pt) nanoparticles (Pt/C) and dispersing solvents. There are two
coating processing methods for catalyst layers: direct coating onto the membrane or gas diffusion
layer, and decal transferring to the membrane. The decal transfer method is used to prevent solvents
from swelling off the membrane in the manufacturing process [2]. The catalyst ink is coated on a
Teflon® sheet and dried to form a catalyst layer that is transferred onto an electrolyte membrane,
thereby creating a membrane electrode assembly (MEA). However, the drying of a thin catalyst ink
film on a substrate often causes the formation of cracks. Several studies have reported changes in
crack patterns depending on the type of catalyst ink solvent [3,4], the catalyst ink mixing time [5],
and differences in the amount of ionomer and the microporous layer used as a substrate [6]. Cracks
in catalyst layers are microstructures and have diverse effects on performance and durability.

Cracks in catalyst layers may have a positive effect on cell performance [7, 8]. The performance
of catalyst layers with guided cracks was measured by stretching an MEA and altering the crack
patterns of the catalyst layers. MEAs with guided cracks exhibited better performance than
conventional MEAs, mainly because of improved water transportation efficiency [8]. The
contribution of cracks that occurred in the manufacturing process to performance is not perfectly
clear, but if a catalyst layer with controlled crack patterns could be prepared, it would be possible to
further examine how cracks affect performance.

However, it has also been reported that catalyst layer cracks have an adverse effect on durability

[9-14]. A previous study pointed out that flooding occurs at cracked parts of catalyst layers during

158



Chapter 8: Controlling Cracking Formation in Fuel Cell Catalyst Layers

operation, which may cause cracks and pinholes in electrolyte membranes [9]. The crack density of
catalyst layers and electrolyte membranes was examined by X-ray computed tomography during
accelerated stress testing. It was found that catalyst layer cracks were related to electrolyte
membrane crack occurrence [10-13]. In addition, the results of an investigation using FE-SEM at
leakage points identified via a bubble point test showed that cracks in the membrane initiate within
larger cracks of catalyst layers [14]. Cracking in membranes causes gas leaks, resulting in chemical
reactions between oxygen and hydrogen. This induces MEA degradation, leading to immense
damage to durability [15].

Hence, it is important to obtain an understanding of crack behavior because cracks in catalyst

layers affect performance and durability. However, few previous reports have discussed the
presence, density, and patterns of cracks in the catalyst layer due to a lack of understanding of the
importance of the catalyst layer, as well as a lack of useful evaluation methods.
According to previous studies, cracks are formed due to stress caused by differences in the drying
rate between the surface and interior [9, 16]. In addition, the nucleation of cracks correlates with the
interaction of Pt/C and solvents in catalyst inks [7] and the interaction of ionomers with Pt/C [17].
The structural evolution of a catalyst ink during the drying process was investigated by the
contrast-variation small-angle neutron scattering (CV-SANS) method. The results suggested that a
catalyst layer contains many cracks, which could be explained by low interaction between ionomers
and Pt/C [17]. There are various opinions on the factors affecting crack behavior in catalyst layers,
and the mechanism is poorly understood.

Cracking in model colloidal suspensions has also been investigated, and a parameter called a
critical crack thickness (CCT), below which films do not crack during drying, and which depends
on the fracture resistance of the films was utilized [18,19]. The main cause of cracks is stress
concentration at defects such as clumps and bubbles. If no defect exists, cracks are assumed to
mainly occur due to tensile stress caused by capillary force propagating through ensembles of
particles that are in contact each other during solvent evaporation. If this stress exceeds the strength
of the porous film, the stress is released in the form of cracks [20]. The CCT is an index based on

Griffith’s conditions [21], and is calculated by Equation (1) [22].

P
¢ Zo?

(1

in which, E* = E/(1-v*), where E is Young’s modulus, v is Poisson’s ratio, and ¢ is the biaxial tensile
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stress. Z is a constant expressing the geometry of the crack tip. Gc is referred to as the fracture
toughness or critical strain-energy release rate. The CCT has not previously been applied to catalyst
layers, this study investigates whether it is applicable and whether it is useful as an index value to
indicate the fracture resistance of these layers.

In addition, it has been reported that the CCT is dependent upon the state of particle flocculation.
The CCT of films formed from flocculated (pH 9) and dispersed (pH 1.75) alumina suspensions
with a PVA binder was observed by Carreras et al. These results showed that the CCT is three times
greater for films obtained from dispersed suspensions than for films obtained from flocculated
suspensions [23]. Therefore, this study will focus on the relationship between the dispersion state of
Pt/C and the CCT in catalyst ink.

It was found that the addition of Nafion (the most typical ionomer) helped to increase ink stability
and to reduce aggregate particle size [24]. This is because the hydrophobic backbone of Nafion
becomes strongly anchored to the hydrophobic carbon surface, while hydrophilic portions become
ionized to impart a sufficient ionic charge to the carbon surfaces. Therefore, ionomers can improve
the dispersion stability of Pt/C by surface wrapping in a dispersion medium. However, when a
highly hydrophobic solvent is added to the dispersion medium, contact between the hydrophobic
Nafion and the solvent are promoted, which leads to a decrease in the amount of adsorbed Nafion
on the Pt/C surface [25]. In this case, rheological methods provide information on the structures of
the Pt/C [26, 31].

This research investigated the factors affecting crack behavior with the objective of controlling the
cracking of catalyst layers. To change the dispersion state of Pt/C, hydrophobic solvents were added
to the catalyst ink. The CCT was examined as a parameter for cracking characteristics. This paper
discusses the cracking mechanism by focusing on the nano/microstructure between catalyst layers

with different cracking characteristics.
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8.2 Materials and Methods
8.2.1 Materials and catalyst ink preparation

Two types of catalyst ink were prepared with an ionomer/carbon weight ratio (I/C) of 0.75 and a
solid content of 10 wt% by adding ethanol or 1-propanol. The catalyst ink prior to adding alcohol is
referred to as “Pre-ink,” catalyst ink with added ethanol as “E-ink,” and catalyst ink with added
1-propanol as “P-ink.” Ethanol and 1-propanol, which are alcohols commonly used for catalyst inks
and differ in hydrophobicity (1-propanol is more hydrophobic than ethanol) were selected. Figure 1
and Table 1 summarize the preparation step and composition. In a typical experiment, a 20 ml
sample tube was loaded with 6.46 g of hyperpure water and 0.80 g of Pt/C (Tanaka Kikinzoku
Kogyo, TECIOV30E), and a planetary mixer/deaerator (KURABO INDUSTRIES LTD,
MAZERUSTAR KK-50S) was used to perform degassing and mixing for 1 minute in the case of
each ink. 1.89 g of Nafion liquid dispersion (The Chemours Company, DE2020) was added to the
mixture. The mixture was sonicated for 9 minutes using an ultrasonic homogenizer (SMT
Corporation, MODEL UH-600) to break up agglomerates in the Pre-ink. 2.70 g of 1-propanol or
ethanol was added to the Pre-ink to fabricate the E-ink and P-ink, respectively. Furthermore, 10 mL
of each catalyst ink was loaded into a thin-film spin system high-speed mixer (PRIMIX
Corporation, FILMIX® Model 30-L). The wheel was rotated at a circumferential speed of 20 m/s,

followed by dispersion processing for 3 minutes.

Table 1. Sample specifications of catalyst inks

Pre-ink E-ink P-ink

Solids concentrations(wt%) 12.9 10 10
I/C (Ionomer/Carbon ratio(w/w)) 0.75 0.75 0.75
Pt/Carbon (wt%) 8.4 6.6 6.6

Nafion (wt%) 4.5 3.4 34
HoO(wt%) 78.2 60.3 60.3
1-propanol(wt%) 8.9 6.9 29.7
ethanol(wt%) 0 22.8 0

Total 100 100 100
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Figure 1. Procedure of catalyst inks and catalyst layers preparation

8.2.2 Catalyst ink characterization
8.2.2.1 Measurement of adsorption rate of ionomer into Pt/C

To quantitatively determine the adsorption rate of the ionomer into Pt/C, a supernatant solution
including the free ionomer without Pt/C was separated from 2 ml of catalyst ink by a syringe filter
and transferred to a weighing bottle (3 ml) that was weighed in advance. The concentration of the
ionomer in the supernatant (Cp) was determined by weighing the bottle before and after heating the
solvent for 1 hour at 80°C. The adsorption rate (/') of the ionomer into the Pt/C was calculated from

Equation (2) by substituting the initial concentration of ionomer (Cpo) in catalyst inks.

_ Cpo—Cp
r= _Cpo 2)

A microelectronic balance (A&D Company, BM-20) with a readability of 0.001 mg was used.
8.2.2.2 Rheological measurements

Rheological experiments were carried out using a rheometer (Anton Paar GmbH, MCR301) with a

cone plate fixture (50-mm diameter, 1° angle, and 0.101-mm gap). To obtain reproducible results, a
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rheological measurement protocol was followed. The samples were left standing at 25°C for 10
minutes before the rheological experiments. The steady flow viscosity (#) shear-rate dependence
was used to raise the shear rate from 0.01 s' to 1000 s after two repetitions as pre-shear. In
addition, the strain dependency of the storage modulus (G") and loss modulus (G”) was used to
change the strain from 0.01% to 1000% at a frequency of 1 Hz after measurements of steady flow

viscosity as pre-shear. The experiments were conducted at 25°C.

8.2.2.3 Dynamic light scattering (DLS) of dilute catalyst inks

The size of the Pt/C aggregates in the catalyst inks was measured by DLS (Microtrac BEL Corp.,
UPA-250EX). For the DLS measurements, 0.01 ml of the catalyst inks were diluted by 10 ml of a
solution with the same liquid composition as originally prepared for each catalyst ink. The samples
after dilution were sonicated in an ultrasonic bath for 3 minutes to obtain a homogeneous mixture

before the DLS measurements.

8.2.3 Catalyst layer preparation

The coating experiments were carried out using an automatic film coater (BYK Gardner,
byko-drive), and a gap-controlled film applicator (YOSHIMITSU SEIKI, YBA-1). Cleaned glass
plates (ASAHI TECHNIGLASS, 70x150 mm) and Teflon sheets were examined as substrates. Two
substrates were coated with the catalyst inks at a coating speed of 10 mm/s using the gap-controlled
film applicator with a coating gap from 25 to 175 um by changing the coating gap at 25 um
intervals. Pre-ink used an automatic film coater, a spacer with dimensions of 50 and 75 pm (Nitto
Denko Corporation, Polyester-based adhesive tape No.31B), and a gap-controlled film applicator
(Sheen instruments, SH1117/100) because its viscosity was too low to obtain a thick Pre-ink
coating film in same way as the E-ink and P-ink. The Pre-ink was spread by the gap-controlled film
applicator at a coating speed of 10 mm/s to remove the excess ink from the spacer. Drying
experiments were performed for 1 h at 24°C at a humidity range of 70 to 7SRH% to form catalyst
layers of differing film thicknesses from 2 to 18 um. In this study, the catalyst layers prepared by
coating and drying the Pre-ink, E-ink, and P-ink were referred to as “Pre-CLs,” “E-CLs,” and

“P-CLs,” respectively.
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8.2.4 Catalyst layer characterization
8.2.4.1 Surface observations and measurement of critical crack thickness

Optical photographs of surface of catalyst layers were taken using a confocal microscope
(Lasertec Corporation, PTELICS H1200). The film thicknesses of the catalyst layers were 2 pm, 8
pm, 12 um, and 18 um. Three types of cracks were defined: primary cracks (PCs), secondary
cracks (SCs), and cracks caused by the presence of critical defects (DCs). Cracks with no defect
that could be observed by a confocal microscope (x20) were defined as PCs, which is a failure
mode applicable to the CCT. SCs were assumed to be further expansions of cracks from a PC or
connected to existing cracks in the next stage of a PC [32]. Cracks with a defect that could be
observed by a confocal microscope (x20) were defined as DCs. The film thickness was measured as
the height difference between the substrate and catalyst layer at a height resolution of
approximately 60 nm. The presence of cracks was examined from the thinnest to thickest films, and
the largest film thickness in which a PC did not occur was defined as the CCT. DCs were often
observed when clumps were included by inadequate dispersion, making it impossible to measure
the CCT correctly. Thus, the CCT was measured using catalyst inks passed through a syringe filter

(mesh opening, 20 um).

8.2.4.2 Pore structure measurements
To estimate the internal nano/microstructure of the catalyst layers, the pore size distribution of
E-CL and P-CL was measured by mercury porosimetry using a Quantachrome Pore Master GT60-1.

Pores with a diameter ranging from 0.005 to 189 pm were measured.

8.2.4.3 Physical analysis of catalyst layers

The microstructure of the catalyst layers was investigated using a field emission-type scanning
electron microscope (FE-SEM (Hitachi High-Technologies Corporation, S-5500)) operated at 0.7
kV. The samples were coated with a 3 nm Os layer using plasma CVD. Furthermore, the samples
were polished by Broad Ion Beam (BIB) milling. Cross-sections were observed using a FE-SEM
(Hitachi High-Technologies Corporation, S-4800) operated at 3.0 kV. The size of voids was

measured by the open source image processing program ImagelJ.
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8.3 Results and Discussion
8.3.1 Catalyst ink properties
8.3.1.1 Adsorption rate of ionomer and average particle size

Table 2 shows the adsorption rate of the ionomer into Pt/C. The highest adsorption rate was
achieved by the Pre-ink, followed in order by the E-ink and P-ink. The results show that adsorption
rate decreased with the addition of solvent. This implies that the ionomer adsorbed into Pt/C was
dissolved by the increasing hydrophobicity of the dispersion medium. Table 2 and Figure 2 show
the results of DLS measurements. The Pre-ink has the smallest average particle size, followed by
the E-ink and P-ink. This result indicates that Pt/C was adequately dispersed due to ionomer
adsorption in the Pre-ink, and that the ionomer was eliminated from the Pt/C by adding solvents in
the E-ink and P-ink, leading to the average aggregate size becoming larger. This interpretation in
terms of hydrophobicity of the dispersion medium is in agreement with the effect of Nafion and its
resulting interaction with single-walled carbon nanotubes (SWCNTs) on the solubility and
dispersion properties of SWCNTs in bisolvents as reported in [25]. It is also possible that by
changing the solvent environment, the pH [27] and dielectric permittivity [28] may also have
changed, resulting in changes aggregation behavior. However, it was found that the pH and
dielectric permittivity remained virtually unchanged by the addition of a solvent in our study (Table
3). Moreover, previous study reported that average aggregate size increases with increasing water
content [27]. This result appears to be opposite to our results, but the discrepancy may be due to
differences in mixing condition for preparation [5, 29], aging time [6] and the effect of dilution on
DLS measurements [30]. Our results on DLS measurements demonstrate that the adsorption of
ionomer on Pt/C is likely inhibiting agglomeration by steric and electrostatic repulsion effect of

ionomer [31].
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Table 2. Effect of different catalyst ink compositions on characteristics:

(a) Adsorption rate of ionomer on Pt/carbon; (b) average particle size based on DLS

Pre-ink E-ink P-ink
Adsorption rate of ionomer on Pt/carbon(%) 97 23 0
average particle size (nm) 550 780 1030

Table 3. pH values and dielectric permittivity in catalyst ink solutions without Pt/C

Pre-ink E-ink P-ink
pH 2.0 2.0 2.0
Dielectric permittivity 74.4 60.6 56.4

28 | —— Pre-ink
-~ P-ink
24 I'| — E-ink

20 F

16
12

1

Intensity / %

8-

4-

0

10 100 1000
Size / nm

Figure 2. Particle size distribution of catalyst inks
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8.3.1.2 Rheological properties

Figure 3(a) shows the shear-rate dependence of the viscosity. Shear-thinning behavior occurred in
all the catalyst inks when the viscosity decreased in accordance with the shear rate. This implies
that agglomerates were formed in the catalyst inks, and that shear-thinning was produced by the
breakup of agglomerates due to shear. In all shear rate regions, viscosity was lowest for the Pre-ink,
followed by the E-ink and P-ink as the hydrophobicity of the dispersion medium increased. This
increase in viscosity is related to the adsorption rate of the ionomer into Pt/C. It was assumed that
adding solvents generated agglomerates by eliminating the ionomer from the Pt/C and increasing
the amount of free ionomer.

In addition, a shoulder was observed in the P-ink curve at a shear rate between 0.1 and 1 s™'. This
behavior was observed in Pt/C with no ionomer adsorbed into the surface [26]. This also suggests
that the ionomer was eliminated from the Pt/C in the P-ink.

Figure 3(b) shows the strain dependency of G’ and G”. The Pre-ink had the lowest in G’ in all
strain regions, followed by the E-ink and P-ink. In all catalyst inks, agglomerates that have an
elastic response in low-strain regions showed breakage and flow in high-strain regions. The
low-strain region storage modulus reflected the strength of the agglomerate structures, and the
P-ink formed the strongest network structures. The storage modulus was distinctly higher than the
loss modulus in the low-strain regions, also suggesting that network structures of Pt/C were formed

in the P-ink.
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Figure 3. Rheological measurement of catalyst inks
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8.3.2 Physical properties of catalyst layers
8.3.2.1 Relationship between thickness and crack patterns

Cleaned glass plates and Teflon sheets were examined as substrates. There was no significant
difference in the crack pattern (Figure 4 and 5). However, because of the difficulty of handling a
catalyst layer coated on a PTFE substrate, accurate CCT measurement was impossible. As a PTFE
substrate is easily bent or deformed by even gentle handling, such deformation inevitably affects
the crack conditions. To avoid these concerns, this study used the CCT measurement results with a
specimen coated on a rigid glass substrate.

Table 4 shows the results for the CCT, Figure 4 shows the confocal microscope images, and
Figure 5 shows the typical crack pattern contained in each catalyst layer. No cracks were observed
at 2 um and 8 um in the Pre-CLs (Figure 4(a)), and U-shaped cracks thought to be PC were
observed at 12 um. Moreover, cracks formed mesh patterns at 18 um. The Pre-ink contained few
clumps. Therefore, the CCT was unchanged before and after filtering of the Pre-ink.

In the E-CLs (Figure 4(c)), no cracks were observed at 2 um, and V-shaped DCs with clumps were
observed at 8 um (Figure 6(a)). From EDX measurements of clumps that formed the origin of DCs
and the surrounding areas, the clumps were formed by either the Pt/C or ionomer (Figure 7 and
Table 5). After removing the clumps from the E-ink, the CCT was 12.0 um.

In the P-CLs (Figure 4(b)), no cracks were observed at 2 um, and multiple I- and V-shaped cracks
were observed at 8 um (Figures 6 (b, c¢)). Multiple T- and Y-shaped cracks were observed at 8 um
and 12 pum in Figure 6 (d, e). Fine mesh patterns were formed at 18 um. In spite of the presence of
clumps in the P-ink, the DC ratio was low. Thus, the CCT hardly changed before and after the P-ink
was filtered.

During drying, catalyst ink films often crack to release growing tensile stresses. Although crack
nucleation is not yet fully understood [32], the cause of crack nucleation may be small voids,
clumps of Pt/C or ionomers, pinholes, or uneven density that cannot be seen by a confocal
microscope. Crack nucleation starts to propagate in different directions due to the development of
stress. Possible mechanisms for shape factors are as follows. I-shape cracks propagate
perpendicular to the direction of major principal stresses under isotropic stress. When the major
principal stress direction at the tip of cracks changes due to fracture resistance, I-shape cracks

extend into a U-shape. Under anisotropic stress due to inhomogeneous microstructures like small
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defects, I-shape cracks change to V-shape cracks. T-shape and Y-shape cracks are secondary crack
nucleates from existing I- and V-shape cracks to release tensile stress in another direction.

Therefore, multiple I-shape cracks suggest that P-CLs exhibit brittle failure and U-shape cracks
suggest that E-CLs and Pre-CLs have high fracture toughness. V- and Y-shape cracks in P-CLs
suggest that P-CLs include small defects that cannot be seen by a confocal microscope.

Based on a comparison of the CCT of catalyst inks after filtering, the CCT was found to be four
times greater for Pre-CLs and E-CLs than for P-CLs. To examine the difference in the CCT from
catalyst inks with the same solid concentration and water content, the microstructure of the P-CLs

and E-CLs was observed in more detail (see the following section).

Table 4. Critical crack thickness of catalyst layers

Pre-CLs E-CLs P-CLs
As-prepared (um) 11.0 - 23
After removing aggregations by filtration (um) 11.9 12.0 2.8
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(a) Pre-CLs
(i) 2 um (i) 8 um (iii) 12 ym

(iii) 12 ym

]‘ 12 um

(c) E-CLs

Figure 4. Pictures of catalyst layers in each film thickness
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(a) Pre-CLs
i) 2 um (i) 6 pm (ii) 13 um

(b ) P-CLs 0.9 mm
i) 2 um (i) 4 ym (iii) 11 um
0.9 mm
(iii) 12 pm

0.9 mm

Figure 5. Pictures of catalyst layers in each film thickness on PTFE
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(a) crack with lumps (DC) (b) I-shape (PC) (c) V-shape (PC)

<—clumps

110 pm $9Hm 35 om

(d) T-shape (SC) (e) Y-shape (SC)

35 pm 45 Mm

Figure 6. Pictures of cracks(a) E-CLs (8 um), (b) P-CLs (8 pm),
(c) P-CLs(8 pm), (d) P-CLs (12 um), (e) P-CLs (12 pm)

(a) Image 1 (b) Image 2

Ar‘chhd‘of clumps

Figure 7. Typical SEM of clumps on E-CLs
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Table 5. EDX analysis showing constituent elements of clumps on E-CLs

Image 1 Image 2

clumps Around of clumps clumps Around of clumps
Element wt % wt % wt % wt %
C 62.8 61.5 64.0 62.4
0] 3.2 3.6 2.8 2.6
F 15.3 16.4 16.4 15.4
S 1.0 1.0 0.6 0.8
Pt 17.7 17.6 16.2 18.8
total 100 100 100 100
Pt/F (w/w) 1.2 1.1 1.0 1.2

8.3.2.2 Internal nano/microstructure of catalyst layers

The pore size distribution of catalyst layers was measured using mercury porosimetry, and the
measurement results are shown in Figure 8(a). Three different types of pores were found in both
E-CLs and P-CLs: primary pores with a pore diameter from 5 to 100 nm, secondary pores with a
pore diameter from 1 to 5 pm, and macro pores with a pore diameter over 50 pm. It is considered
that the primary pores correspond to the spaces within aggregates of Pt/C, secondary pores
correspond to spaces between such individual aggregates [33] or voids, and macro pores
correspond to cracks and the surface unevenness of the catalyst layers, respectively.
The volume of each type of pore was calculated for E-CLs and P-CLs (Figure 8(b)). The volume of
the P-CL macro pores was larger than that of the E-CLs because the P-CLs contained more cracks
and unevenness than the E-CLs, as shown in Figure 9.While the volume of the secondary pores of
P-CLs and E-CLs was similar, the primary pore volume of the P-CLs was higher than that of the
E-CLs. The most remarkable difference between the P-CLs and E-CLs is the size range of the
primary pores. Although the primary P-CL pores are biased under the 20 nm range, the E-CL pores
are evenly and moderately distributed in the range from 5 to 100 nm. This result shows that the

ionomer might cover the pores in the carbon agglomerates in E-CLs.
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Figure 8. Pore size distribution of the catalyst layers.
(a) Cumulative pore volume distribution.
(b) Pore size distribution of primary pores, secondary pores
and macro pores

8.3.2.3 Inhomogeneous microstructure of catalyst layers

Agglomerates were observed in the E-CLs. Agglomerates, as well as amoeba- (1:5,000, 1:30,000)
and thread-shaped (1:100,000) ionomers between the agglomerates, which are self-organizing free
ionomers, were observed in the P-CLs (Figure 9, arrows). More self-organizing free ionomers were
observed in the P-CLs than the E-CLs.

Figure 9(a’,b”) shows cross-sectional SEM images of catalyst layers. The top of the E-CLs was
relatively smooth, while the top of the P-CLs was uneven. Although there was a relative lack of

uniformity in pore size on the E-CLs, the P-CLs included void over 500 nm.
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Figure 9. Surface SEM image of catalyst layers
(a)(b)(c) E-CLs, (d)(e)(f) P-CLs
(a) (d)x5,000, (b) (€)x30,000, (c) (£)x100,000
Cross section SEM image of catalyst layers
(a’) E-CLs, (b’) P-CLs (%5,000)
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8.3.3 Cracking formation mechanism

This section discusses the mechanism leading to cracks focusing on the liquid structure of the
catalyst inks and the structure of the catalyst layers. From Eq. (1), the critical crack thickness will
depend on the tensile stress during drying and the fracture resistance of catalyst layers [18]. Figure
10 schematically depicts the mechanism of cracking.

Possible mechanisms for the tensile stress are as follows. The Pt/C is well-dispersed and stable in
the E-ink, and steric and electrostatic stabilization by the ionomer ensured a better leveling effect
during drying, allowing the pores to form a gradual densification. As a result, a hierarchic structure
with little fluctuation is formed. Conversely, in the P-ink, network structures of Pt/C are formed
immediately after application. During drying, the pore sizes decrease to maintain dense aggregates
of Pt/C particles because of the absence of the ionomer on the Pt/C particles. The catalyst layers
after drying maintained small primary pores, and a hierarchic structure with large fluctuation is
formed.

The remarkable difference in size and number of primary pores is strongly related to the risk of
cracking in terms of stress. During the drying process, capillary pressure develops on the structured

agglomerated network, which is expressed by Eq. (3)

__2ycos@
Pcap -

3)

Tp

Where vy is the liquid/vapor surface tension, 0 is the liquid/solid contact angle, and r} is the pore
radius [20]. The stress ¢ in Eq. (1) is caused mainly by the capillary pressure in the pore liquid. The
solvent seems to evaporate at the early stage of drying and water mainly remains at the end of
drying. Therefore, the surface tension of the E-ink and P-ink at the end of drying may be supposed
as similar. Therefore, the smaller porous structure in the P-CLs as observed by mercury porosimetry
suggests higher capillary pressure and stress caused by large strain that caused the observed macro
cracks.

Possible mechanisms for the fracture resistance of catalyst layers are explained as follows.
Catalyst inks that are well dispersed by ionomer adsorption produce a homogeneous Pt/C and
ionomer distribution in catalyst layers with high fracture toughness. The ionomer absorbed into the
Pt/C might promote increases in adhesion strength between particle pairs with the ionomer acting as

a binder. Thus, it is assumed that E-CLs have higher fracture resistance than P-CLs due to the
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amount of ionomer in the Pt/C.

Moreover, the inhomogeneous microstructure of catalyst layers is also related to the risk of
cracking in terms of stress concentration. The E-ink has low viscosity, indicating that it has a better
leveling flow during drying. This minimizes the relative lack of voids and the surface unevenness
of the catalyst layer after drying and restricts cracking. In the P-ink, the ionomers were eliminated
from the Pt/C, and a network structure formed without a leveling flow in the wet film. Therefore,
film shrinkage due to the network structure and evaporation of the dispersed medium leads to
surface unevenness, and relatively large voids. Self-organizing free ionomers also existed in the
P-CLs because of the absence of the ionomer on Pt/C. Cracks are likely to occur due to stress

concentration in these defects, such as voids and clumps.

(a) Catalyst layers obtained from well-dispersed catalyst inks by ionomeradsorption
E-ink

U E-CLs

%
9595 @o
&

ionomer -1

Pt/Carbon /] Crack-free

(b) Catalyst layers obtained from catalyst inks with a network of structured agglomerates

P-ink
P-CLs
Drying Cracking

/e

Figure 10. Schematic representation of the difference of critical crack thickness

(a)Catalyst inks(E-ink) that are well dispersed by ionomer adsorption contain a
homogeneous Pt/carbon and ionomer distribution in E-CLs, while (b) catalyst inks(P-ink)
with a network of structured agglomerates produce dense aggregates with small primary

pores of bare Pt/carbon and a self-organizing free ionomer in P-CLs.
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8.4 Conclusion

This study aimed to identify the factors affecting crack behavior in terms of the liquid structure in
catalyst ink with the objective of controlling cracks in catalyst layers.
By adding two types of solvents with different hydrophobicity to the Pre-ink, the adsorption rate of
the ionomer into the Pt/C decreased and the average particle size increased. The viscosity and
storage modulus increased in accordance with the higher hydrophobicity in the dispersion medium.
This result demonstrated that the ionomer was eliminated from the Pt/C, and agglomerates were
formed by the addition of a hydrophobic solvent.
The CCT was found to be four times greater for the E-CLs and Pre-CLs than for the P-CLs. This
suggests that the CCT decreases due to the poor affinity between the ionomer and Pt/C.
The following mechanisms for the difference of CCT were proposed. The Pt/C is well-dispersed
and stable in the E-ink, and steric and electrostatic stabilization by the ionomer ensures a better
leveling flow during drying, allowing the formation of a hierarchic structure with little fluctuation
in the catalyst layer. Conversely, in the P-ink, network structures of Pt/C are formed immediately
after application. Catalyst layers from the P-ink maintained small primary pores within aggregates
of Pt/C and a hierarchic structure with large fluctuation is formed.
(1) Catalyst layers with a high number of primary pores generate high drying stress, suggesting that
the risk of cracking increases. (2) The ionomer absorbed into the Pt/C might promote increases in
the adhesion strength between particle pairs by acting as a binder, suggesting that the toughness and
homogeneousness of the catalyst layer increases. In addition, (3) the presence of voids and the
self-organizing free ionomer suggests stress concentration that results in the formation of cracks.
Consequently, crack behavior can be controlled by ionomer adsorption into the Pt/C in catalyst ink
and the resulting dispersion state. Hence, possible measures to prevent catalyst layer cracking
include increasing the affinity between the Pt/C and ionomer and creating better leveling flow for
the catalyst ink.
Furthermore, this research also demonstrated that the CCT is a useful index for understanding the
cracking behavior of catalyst layers. As a future work, the analysis will be extended to examine the

effects of cracks on performance and durability in detail.
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9.1 Conclusions
This thesis has described the development of particle-based functional materials for automotive
applications. The studies on three major issues related to coatings and fuel cell electrodes have

revealed the following:

First, automotive manufacturing industries must produce automobiles that are attractive to and
functionally useful for their customers. Consumer desire for attractive colors necessitates the
development of novel pigments that are ecofriendly and durable. To address this issue, this thesis
proposed three types of new colored materials that contain no heavy metals, which can be toxic,
and are less prone to fading under extended exposure to UV light. Some of these materials feature
colors that can be tuned via changes in temperature.

Chapter 2 described the development of a thermosensitive colored system that lacks dyes or
pigments yet undergoes color changes that cover the whole visible wavelength region in response to
temperature. This system, which is composed of a porous gel network and a solvent such as toluene
or mixed solvents, displays bright coloration as a result of the Christiansen effect because the
wavelength dispersion of the refractive indices of the porous gel network and solvent intersects in
the visible region. The coloration of the porous gels containing solvents can be tuned by changing
the composition and temperature of the solvent; this change in color arises from the coincidence at
one wavelength of the dispersion curves of the porous gels and solvent and depends on the
refractive indices.

Chapter 3 reported a multicolor polymer-dispersed liquid crystal (LC) system that operates on the
basis of the system described in Chapter 2. I demonstrated that particle gel networks filled with
mixed nematic LCs exhibit changes in color covering the whole visible region and an opaque milky
color in response to variations in temperature. The thermally tunable coloration of the colored
materials arose from the coincidence at one wavelength of the dispersion curves of the particle gels
and the isotropic phase of mixed nematic LCs, and an opaque milky color arose from the scattering
of light as a result of the difference in the dispersion curves of the particle gels and the nematic
phase. The transition point and its color could be controlled via manipulation of the composition
and temperature of the mixed nematic LCs. This material displayed low-angle-dependent color and

could function as a multicolor polymer-dispersed LC.

184



Chapter 9: Conclusions and Outlook

In Chapter 4, I reported that the prepared pigments exhibit enhanced colors caused by thin-film
interference through absorption of scattered light by black materials. The graphite nanosheet (GNS)
pigments contain no heavy metals and are nonfading pigments composed of exfoliated graphite and
TiO2. I demonstrated for the first time that GNSs that exhibit good dispersibility in water and
maintain a sheet structure with few defects can be prepared via a simple procedure. The GNS
pigments were obtained by sol—gel deposition of a TiOz layer and its various colors were displayed
by adjusting the thickness of the TiO: film by varying the reaction time. Because of the
light-absorbing properties originating from the black GNSs and the diffuse reflection derived from
the random orientation of the GNS pigment in the coating, the coating film exhibited enhanced

colors with angle independence.

Second, because consumers generally desire longer-lasting scratch-free coatings, scratch
resistance has become one of the most important properties of automotive coatings. Scratches in
these coatings are classified into two types: fracture-type scratches and deformation-type scratches
that do not break and can recover over time, eventually even becoming invisible to the human eye.
This feature, which arises from elastic—plastic behavior and is called “self-recovery,” is strongly
demanded by customers. Hence, this thesis mainly focused on the recovery of scratch deformations.

To evaluate coating service life of scratch characteristics, I first investigated the relationship
between chemical changes and scratch resistance using outdoor weathering tests in Chapter 5. The
scratch properties and chemical changes were examined using Fourier transform infrared (FT-IR)
spectroscopy. For all coatings containing acrylic polyols, the critical fracture force decreased after 1
month of outdoor exposure. The FT-IR spectra showed that crosslink scission occurred in the
coating surface layer because of oxidation and hydrolysis during exposure. Degradation of the
scratch resistance was found to be caused by chemical changes in the surface layer within a short
time. Therefore, in Chapter 6, I explored the remarkable improvement of the scratch recovery
characteristics and durability that resulted from using a base resin with a siloxane main chain
instead of acrylic polyols.

As described in Chapter 6, crosslinked polyorganosilsesquioxane coatings (Si-films) achieved
both hardness suitable for automobile coatings and improved scratch recovery characteristics

superior to those of conventional coatings (C-films). The Si-films demonstrated a 20% better elastic
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recovery index than the C-films, and the Si-films recovered approximately twice as fast as the
C-films. Scratch deformations on the Si-films almost disappeared after 15 min, even at room
temperature, whereas the disappearance of scratch deformations on the C-films required more than
24 days. Thus, coatings based on a siloxane main chain may offer dramatically improved

self-recovery performance.

Third, to facilitate the widespread use of PEFCs, the stable production of high-quality catalyst
layers is required. Catalyst ink formation influences the manufacturing productivity of PEFCs and
also affects the catalyst layer structure, consequently determining the electrode performance.
Therefore, an evaluation of the agglomerate structure of carbon-black-supported Pt (Pt/C)
nanoparticles, which controls the dispersion state and stability, is necessary.

In Chapter 7 of this thesis, agglomeration behavior is demonstrated to be controlled by water
content, leading to changes in the ionomer adsorption on Pt/C, which in turn leads to changes in the
rheological behavior and stability of catalyst inks. Depending on the water content, Pt/C
agglomerates have low-density network structures that form via a diffusion-limited cluster
aggregation process because of weak repulsion force, which is a consequence of the lack of
ionomer; alternatively, more compact agglomerates may form via a reaction-limited cluster
aggregation process due to steric and electrostatic stabilization induced by the adsorbed ionomer.
The proposed methods should be useful for improving the quality of coating films.

In addition, although the stable production of high-quality catalyst layers is required for the mass
production of PEFCs, a catalyst ink film on a substrate often cracks during drying. Because cracks
in the catalyst layers of a fuel cell affect performance and durability, elucidating the factors that
control crack formation is important. In Chapter 8, crack behavior is shown to be controlled by
ionomer adsorption into the Pt/C in catalyst ink. A well-dispersed catalyst ink produces a
homogeneous Pt/C and ionomer distribution in catalyst layers with high fracture toughness,
whereas catalyst inks with a network of structured agglomerates produce dense aggregates with
small primary pores that generate high drying stress; catalyst inks with a self-organizing free
ionomer cause stress concentration in catalyst layers, making them prone to cracking. This research

provides useful information for controlling cracking during the manufacture of catalyst layers.
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9.2 QOutlook
The particle-based functional materials developed in this thesis research are promising;
nevertheless, further effort is needed to achieve functional materials suitable for use in

next-generation vehicles. I believe that at least the following work would be desirable:

The colored materials developed in this thesis have potential applications in coating materials,
optical materials, and automotive devices, as demonstrated in Chapters 2 through 4. As discussed in
Chapter 2, room exists for improving the solidification and increasing the saturation of the colored
materials. Thus far, a few systems that exploit the Christiansen filter effect based on various
dispersions of two different media have been reported. However, because most of these previously
reported systems are composed of crushed insoluble inorganic powders immersed in organic
solvents or prepared as colloidal suspensions, using them to create devices with a desired shape has
been difficult. By contrast, our colored material generated using a porous gel network and solvent
can be cast into desired shapes and exhibits brilliant colors. However, solvents are not appropriate
for practical use. A solid—solid system such as a film is more convenient than a solid-liquid system.
For example, a film composed of porous gel networks filled with a polymer or resin that satisfies
the requirements for the Christiansen filter effect would be more practical.

In addition, greater saturation color is preferred by consumers. Achieving greater saturation color
requires the selection of materials that generate a sharp reflectance peak. The large difference in the
wavelength dispersion of the refractive indices between a porous gel network and the dispersion
medium results in a sharp reflectance peak, which leads to bright color. However, the combination
of a polymer porous gel and solvent is close to the limit. By contrast, the combination of inorganic
porous materials and organic materials or the combination of hybrid porous materials and organic
materials is attracting efforts to develop brighter-colored materials. Furthermore, the optimal
scattering properties of diffuse reflective materials are not yet fully understood, impeding the
development of brighter-colored materials. Only by understanding the pore-size dependence of the
reflection intensity of diffuse reflection and the thickness of porous gels can I expect to achieve

optimal designs of colored materials for practical applications.

Room also exists for further improving the stimuli-sensitive materials mentioned in Chapter 3.
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Because the newly prepared colored materials are composed a particle gels filled with
stimuli-sensitive materials, and because they can be incorporated into other stimuli-sensitive
polymer systems, they have potential applications as chromic (thermochromic, electrochromic, and
photochromic) materials. For example, the system that comprises particle gel networks filled with
LCs might be controllable by an electric field because of the sensitivity of the LCs to electric fields.
The electrically tunable coloration of colored materials arises from the coincidence at one
wavelength of the dispersion curves of the particle gels and the alimented LCs by an electric field,
and an opaque milky color arises from the scattering of light due to the difference in the dispersion
curves of the particle gels and randomly orientated LCs when the electric field is removed. This
system is easy to prepare as a large-sized display because of its facile one-pot preparation method
and its mechanism of coloration. This colored material represents a promising new material for the
manufacture of reflective full-color displays with angle independent and which are controllable by
an electric field; it is also an energy-saving, nonfading color material. For photochromic materials,
the system composed of particle gels filled with photochromic molecules might be controllable by
irradiation with light. The photochromic-tunable coloration of colored materials arises from the
coincidence at one wavelength of the dispersion curves of the particle gels and photochromic
molecules by photoisomerization, and an opaque milky color arises from the scattering of light due
to the difference in the dispersion curves of the particle gels and isomers when the light source is
turned off. This system may be promising new dimmable glass that is expected to apply as antiglare
mirror or smart windows. Therefore, these systems based on stimuli-sensitive materials exhibit
optical properties that change in response to various stimuli such as light, electric fields,
temperature, and magnetic fields can be used to prepare new color-changing materials for
automotive applications.

In Chapter 4, GNSs were shown to enhance the color contrast and a randomly oriented GNS
pigment was shown to exhibit angle-independent color in a coating film by diffuse reflection.
However, the obtained colors are still dark, and the reflection is weak. Although I believe that GNS
pigments can potentially be used with minimal improvement as dark-colored pigments in, for
example, the cosmetics or ink industry, their brightness and saturation should be improved to enable
their use in the automotive industry. To control the brightness and saturation, the relationship

between the orientation and size of the pigments and the coloration should be explored. In principle,
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several options are available to enhance the reflection. Large pigment particles exhibit greater
brilliance than small pigment particles because their reflection area is larger. In general, interference
pigments are visually most appealing when there is good parallel orientation to the surface. Using a
low-refractive-index polymer for the matrix is also effective. However, several hurdles remain to

achieving these objectives and angle independence has yet to be achieved.

As discussed in Chapter 6, automotive coatings based on a siloxane main chain may offer
dramatically improved self-recovery. However, the potential differences in the chemical and
morphological structures of the siloxane main chain and the acrylic polyol main chain remain
unclear. To address this issue, I additionally examined the structures of Si-films by TEM and
small-angle X-ray scattering (SAXS). However, no structures were observed in the TEM images,
and no peak was observed in the SAXS pattern, even when the density fluctuation was less than 10
nm; these results imply that Si-film is uniform at the molecular level. Further explorations using
other methods are needed to clarify the reason for the dramatically improved self-recovery.
Moreover, from the viewpoint of practical appreciation, I need to further explore whether the
materials, when used as automotive coatings, exhibit good total balance between appearance,

durability, water resistance, and environmentally compatibility.

The influence of various ionomer dispersion solvents on catalyst ink formation was discussed in
Chapters 7 and 8. The materials used in catalyst inks and the processing method of the inks are
decided on the basis of various parameters. However, because the structure of catalyst inks changes
with time, a comprehensive understanding of their structure is required. As a future work, I will
extend this study to include numerical simulations to provide a clear understanding of and method
for controlling the coating process of catalyst inks. In addition, the analysis of cracking will be
extended to examine the effects of cracks on the performance and durability of PEFCs in detail.
Furthermore, the factors that impede the high-speed production of fuel cells must be overcome to
enable their widespread use. Currently, some parts that cannot be mass produced are carefully
hand-made by craftsmen. However, the evolution of production methods is expected to enable the
continuous mass production of fuel cells, and 1 million fuel-cell-powered cars are expected to be

produced annually in 2030. I hope that the findings of this thesis will provide insights into the
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high-speed production of fuel cells.

Finally, although the coating materials have been improved, dramatic advancements are required
and cannot be achieved through the extension of conventional ideas. In addition, the materials and
processing for fuel cell vehicles will be further improved through the development of
next-generation vehicles in the technological competition called the “Global Challenge.” I hope that
the findings of this study will provide insights into the development of particle-based functional

materials for the automotive industry.
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