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Preface

Preface

This thesis marks the completion of my studies from 2016 to 2023 while I have been a researcher at
Toyota Central R&D Labs., Inc. This thesis summarizes the research on the structural analysis of
polymer electrolyte fuel cells focusing on the mass transport properties. The quantum beam experiments
conducted in this study were measured at Japan Proton Accelerator Research Complex (J-PARC) Center,
National Institute of Standards and Technology (NIST) Center for Neutron Research, and SPring-8. 1
would like to thank the many people involved. This thesis consists of nine chapters. Chapter 1 describes
the general introduction to the current status and issues related to the polymer electrolyte fuel cells
toward fuel cell electric vehicles, the principles of quantum beam analysis used in this thesis, and the
purpose of this research. The challenges in recent years to achieve high fuel cell performance can be
divided into two categories: Reduction of the oxygen transport barrier due to the dense ionomer
adsorption layer on the platinum surface in the catalyst layer, and structural design of the gas diffusion

layer for both oxygen and water transport. Therefore, this thesis is divided into two parts as follows:

Part 1 (Chapters 2—5) describes the ionomer adsorption behavior in catalyst inks and the ionomer
interface in ionomer thin films using contrast-variation small-angle neutron scattering (Chapters 2—4)
and neutron reflectometry (Chapter 5), respectively. The results show that various factors such as Pt
loading (Chapter 2), ionomer content (Chapter 3), temperature (Chapter 4), and carbon surface (Chapter
5) alter the interfacial structure between carbon supported-platinum and ionomers. These findings

provide insight into the material design of catalyst layers for polymer electrolyte fuel cells.

Part 2 (Chapters 6-8) presents the pore characterization of the gas diffusion layer by synchrotron
radiation X-ray computed tomography with its oxygen transport properties. In Chapter 6, the multiscale
pore morphologies of a compressed gas diffusion layers were studied to correlate the oxygen transport
properties evaluated by an electrochemical approach. In Chapter 7, the effect of water distribution on
the oxygen transport properties in a wet gas diffusion layer was elucidated to clarify the correlation
between oxygen and water transport properties. In Chapter 8, inspired by the results of Chapters 6 and
7, 1 designed a multilayer pore structure of gas diffusion layers with a pore gradient distribution and
proposed a new fabrication process for microporous layers to achieve a rational pore morphology within

the gas diffusion layer for the mass transport properties.
Finally, Chapter 9 is devoted to a summary and outlook.
October 2023

Wataru Yoshimune
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Chapter 1

Chapter 1

General Introduction
1.1 Background and Motivation

Fuel cells are an electrochemical device that directly converts chemical energy into electrical energy and
offers several attractive features, including high energy conversion efficiency, minimal chemical
pollution, rapid refueling, compact size, and fast load response. The concept of fuel cells dates back to
Humphry Davy's proposal in 1801, and the first fuel cell was invented by Sir William Robert Grove in
1839 [1]. However, practical interest in fuel cells began in 1960s when fuel cells were used for the
Gemini and Apollo spacecraft. In 1990, Ballard Power Systems Inc. demonstrated a SkW fuel stack,
showcasing the potential for automotive applications [2]. Toyota Central R&D Labs., Inc. initiated
research on polymer electrolyte fuel cells (PEFCs) in 1990. Toyota Motor Corporation launched a
project for fuel cell electric vehicles (FCEVs) in 1992 and introduced the first commercial passenger in
2014. Based on the success, a new model for FCEVs was introduced in 2020, achieving a remarkable
50% increase in maximum power density compared to the preceding product [3].

In order to ensure the widespread use of FCEVs, several challenges need to be addressed, including
the reduction of costs associated with the fuel cell stack [4]. The ultimate objective of the author's work
is to enhance fuel cell performance by achieving low platinum loading. In the development of FCEVs,
the focus is on optimizing operating conditions to achieve higher power densities at higher current
densities. Under these operating conditions, mass transport properties play a critical role in fuel cell
performance [5]. Therefore, understanding the oxygen and water transport properties has become of
great importance in the design of fuel cell components. The primary motivation of this thesis is to gain
insight into the structure and the associated transport phenomena within these structures. The author has
conducted quantum beam analyses (small-angle neutron scattering, neutron reflectometry, and X-ray

computed tomography) to investigate the multiscale structures of fuel cell components.
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1.2 Polymer Electrolyte Fuel cells

Figure 1.1 shows the working principle of a fuel cell. Fuel is supplied to the anode and air to the cathode,
which is common to all types of fuel cells. Fuel cells are classified based on the type of fuel or electrolyte
used. Table 1.1 provides a categorization of fuel cell types [6]. The operating temperatures of molten
carbonate fuel cells (MCFCs) and solid oxide fuel cells (SOFCs) are too high for vehicles that start and
stop frequently. Direct methanol fuel cells (DMFCs) have lower performance than alkaline fuel cells
(AFCs) and PEFCs, making them unsuitable for automotive applications. While AFCs provide sufficient
power for vehicles, they require measures to prevent carbon dioxide contamination, which adds to the
cost of automotive use. Therefore, PEFCs, with lower operating temperatures and higher efficiencies,
are suitable fuel cell type for vehicles. Currently, commercially available FCEVs in the market are
equipped with PEFC stacks. Phosphoric acid fuel cells (PAFCs) are used for large-scale industrial power
generation systems. Recently, PAFCs have gained attention for potential use in heavy-duty trucks [7].
In heavy-duty applications, PAFCs may have higher efficiencies than PEFCs due to their ability to
operate at higher temperatures. Since the focus of this thesis is on the development of passenger FCEVs,

the author primarily emphasizes the presentation of PEFCs in the following sections.

Table 1.1 Different type of fuel cells.

Fuel cell type Mobile . .
(Electrolyte) ion Operating temperature Applications
Alkaline fuel cell
OH- 50 —-200 °C Space vehicles
(Alkaline aqueous solution)
Polymer electrolyte fuel cell
H* 30-100°C Passenger vehicles
(proton exchange membrane)
Direct methanol fuel cell
( N branc) H* 20-90°C Portable electronic device
proton exchange membrane
Phosphoric acid fuel cell
(H:PO lution) H* ~ 200 °C Stationary power generation
3PO4 aqueous solution
Molten carbonate fuel cell
35 ~ tationary power generation
(Mol b | CO;? 650 °C Stationary p g i
olten carbonate
Solid oxide fuel cell
(Solid oxide) or 500 — 1000 °C Stationary power generation
olid oxide
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Figure 1.1 Working principle of a fuel cell.
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Figure 1.2 Working principle of a PEFC. A proton exchange membrane is abbreviated as PEM.
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This thesis focuses on PEFCs, so a PEFC is used as an example to explain the principle of fuel cells
[8]. A PEFC has a proton exchange membrane (PEM) to separate cathode and anode (Figure 1.2). On
the anode side, the hydrogen oxidation reaction (HOR) takes place, which is described as follows:
hydrogen (H») passes through the gas diffusion layer (GDL) and reaches the surface of the anode catalyst
layer (CL), where it undergoes reduction into protons (H*) and electrons (¢7). The protons then migrate
through the PEM to the cathode side, while the electrons are transported to the cathode side via the
external circuit. The HOR reaction has the standard hydrogen electrode (SHE) potential at 1.0 atm and

25 °C and it is expressed as:
H, - 2H' + 2e". (1.1)

On the cathode side, the oxygen reduction reaction (ORR) occurs in the following manner: oxygen
(O2) traverses through the GDL and reach the surface of the cathode CL. Then, oxygen (O-) reacts with
protons (H*) and electrons (¢"), followed by the production of water (H>O) and a certain amount of heat.
The ORR reaction has the standard electrode potential (£ =1.23 V vs. SHE) at 1.0 atm and 25 °C and it

is expressed as:

17,0, + 2H* + 2¢” - H,0. (1.2)
The overall reaction is described as:

H, + 1/, 0, - H,0. (1.3)

The theoretical reversible cell voltage (E°) is determined by the difference between the standard
potentials of the cathode and anode reactions [8]. In practice, the open circuit voltage (OCV) signifies
the voltage when no current is being extracted. According to the Nernst equation, the OCV (Eocv) can
be expressed as follows:

RT | Pz Fo, (1.4)
2F " Py, '

Eocy = E° +
where R is the gas constant, T is the cell temperature, F is the Faraday constant; and P2, Po2, and Pu2o
are the partial pressures of hydrogen, oxygen, and water, respectively. Equation 1.4 indicates that the
cell temperature and the partial pressures can affect the OCV. The OCV measured at room temperature
is typically about 1.0 V, which is considerably lower than the value calculated from the thermodynamic
electrode voltage (1.23 V). This discrepancy can be explained by the current due to the H» crossover.
The significant drop in the OCV indicates the large crossover current due to the micro-short circuit.

When we extract the current, the cell voltage decreases from the OCV due to different factors. In
electrochemistry, the voltage difference between a thermodynamically determined voltage and the
experimentally observed voltage is defined as the overpotential. The total overpotential is divided into

three factors: activation overpotential, ohmic overpotential, and concentration overpotential. The

practical cell voltage (Ec.n1) can be described as follows:
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Ecenn = Eocv — Mact = Nohm ~Ncon - (L.5)

Electrochemical reactions cause activation overpotential. The Butler-Volmer (BV) equation

represents the activation as follows:

%] ~ exp [_ %}} (1.6)

E=th {eXp [ RT RT
where io is the exchange current density and « is the transfer coefficient, which is influenced by the
symmetry of the activation barrier. The BV equation is a fundamental equation in electrochemistry that
establishes a connection between the current to the overpotential and provide insight into the voltage
drop associated with the electrochemical reactions in PEFCs. The BV equation also indicates that a
lower exchange current density results in a greater voltage drop. In PEFCs, the ORR at the cathode is
typically slower in comparison to the HOR at the anode. Consequently, the activation loss is usually
described only for the ORR. In such cases, Equation 1.6 can be simplified to the Tafel equation, which
is expressed as:
RT i

=——In—. .
Tact = 0 (1.7)

The ohmic overpotential is attributed to the total resistance of the PEM, CLs, GDLs, and flow field,

including the contact resistance of each component. The ohmic overpotential is defined as:

Nohm = iR . (1.8)

Among these components, the protonic resistance of the PEM is the dominant factor contributing to the
total resistance. The PEM resistance depends on the water content in the cell. Therefore, the relative
humidity (RH) conditions of the reactant gases are one of the key parameters in controlling the ohmic
overpotential.

The concentration overpotential primarily arises due to the oxygen concentration gradient that affects
the transport of reactants from the flow field plate to the cathode electrode surface. When the diffusion
rate is less than the reaction rate, a significant concentration difference occurs between the electrode
surface and the interior of the electrode. This difference leads to reactant depletion, often referred to as
mass transport limitation. This effect becomes more pronounced at higher current densities because the
reactant is consumed more rapidly. The mass transport overpotential can be quantified as follows:

_RT1 (iL—i) 19
ncon_nFn iL 4 ()

where i and i, are the current and the limited current densities. The value of i can be calculated using
Fick's laws of diffusion:
FD(Cp—C
; DG s)l (1.10)
6
where D is the diffusion coefficient of oxygen in the electrode, J is the diffusion length, and Cp and Cs

represent the reactant concentrations near the PEM and at the electrode surface, respectively.
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When the reactant is completely consumed at the electrode surface, it is expressed as:

nFDCp
l, = 6

. (1.11)

A typical explanation for the concentration overpotential is described as above. In practical use, the
oxygen transport process is complicated. Oxygen molecules diffuse from the flow field to the CL surface
through the micropores within the GDL. Subsequently, these oxygen molecules move to the catalyst
region adjacent to the PEM side by traveling through the nanopores within the CL. As a result, a
concentration gradient with varying slopes in the through-plane direction is formed [9]. In addition,
oxygen transport resistance arises at the catalyst surface covered with an ionomer layer. This resistance
includes oxygen permeation resistance into the ionomer layer and oxygen transport resistance within the
dense ionomer layer formed on the catalyst surface [10, 11]. Optimization of each transport process
without bottlenecks is necessary to reduce the concentration overpotential.

Figure 1.3 displays a typical polarization curve showing the voltage output for a given current density
load for a PEFC. At low current densities (e.g., below 0.1 A cm™), the activation overpotential is the
primary factor contributing to the voltage drop. As the current density increases in the intermediate range,
the voltage drop becomes linear due to the ohmic overpotential. As the current density continues to
increase, the reactant consumption rate surpasses the supply rate, resulting in the concentration

overpotential.

Open circuit voltage (OCV)

Activation
overpotential

______ Ohmic
__overpotential

Concentration
overpotential

Cell voltage (V)

v

Current (A)

Figure 1.3 Typical polarization curve of a PEFC.
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PEFCs consist of laminated structures assembled, as shown in Figure 1.4. Each cell component is

briefly introduced in terms of its materials and basic functions.

9
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Figure 1.4 Schematic of PEFC structures with reactant pathways.
1) Membrane

The PEM serves as a proton conductor and separator for reactant gases in PEFCs. The most commonly
used PEM in PEFCs is Nafion, a perfluorosulfonic acid (PFSA) ionomer. The PFSA membrane has the
advantage of proton conductivity and chemical durability. One of the key challenges is to reduce the
thickness of PEMs to decrease the ohmic overpotential in PEFCs. The thinner PEM provides higher
proton conductivity, resulting in lower ohmic resistance. However, the thin PEMs are compromised in
terms of mechanical durability and handling properties during manufacturing. Therefore, efforts are

underway to develop reinforced PEMs [12,13].
2) CL

The CL is a crucial component in PEFCs as it facilitates both the anodic and cathodic electrochemical
reactions. The CL typically consists of catalyst powder (Pt/C) and PFSA ionomer. The requirements for
CLs include good proton conductivity, gas transport property, and water removal capability. Since the
electrochemical reaction at the cathode is the rate-determining step in the overall reaction, the

development of CLs generally focuses on cathode CLs [14].
3) GDL

The GDL plays multiple roles in mass transfer [5]. Multiscale pores in the GDL provide a route for
reactant gases to reach the CL and allow excess water to be removed from the CL. The GDL also

facilitates electron pathways between the CL and the flow field. Moreover, the GDL is moderately

7
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compressed and acts as a damping material in the cell assembly. The GDL typically consists of a Janus
structure comprising a carbon fiber substrate and a microporous layer (MPL). The substrate is typically

treated with polytetrafluoroethylene (PTFE) to increase hydrophobicity for effective water removal.
4) Flow field

The flow field plates supply reactant gases, extract electrical energy, and discharge excess water
generated by electrochemical reactions. Straight- or serpentine-type flow fields are commonly used in
laboratory studies that typically use 1 cm? cells. In practical-sized PEFCs for FCEVs, which have a
larger reactive area, the design of the flow field plate becomes critical as it distributes reactant gases and
removes excess water. Therefore, the development of flow field plates is one of the most important

aspects of FCEVs [3].
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1.3. Structural Characterization using Quantum Beam Analysis
1.3.1 Contrast to X-rays and Neutrons in a Sample

X-rays are scattered by the interaction with electrons. The contrast to X-rays in a sample is the electron
density defined as the number of electrons per unit volume (p.).

Pe = dNATZnel’ (1.12)
where d is the density of the material, N4 is the Avogadro constant, M is the molecular weight, and Zn.'
is the sum of electrons of all atoms (i) in the material component.

On the other hand, neutrons have no electric charge and are scattered by the inherent interaction with
atomic nuclei. The interaction between neutrons and the sample depends on the kind of atom. The
scattering length density (SLD) of a material (ps), the contrast to neutrons in a sample, is determined by
the scattering length (') associated with each atom [15]:

ps = % (1.13)
where Zb' is the sum of the scattering length of all atoms in the material component. The determination
of atomic ' is a non-trivial task, and these values are provided in tabular form [15]. The atomic &'
exhibits unsystematic variations with respect to the atomic number, depending on the nuclear spin
direction, and drastic differences can be observed between two isotopes. The main example is between
hydrogen and deuterium atoms (b = —0.374x107!2 cm and b° = 6.67x107'2 cm). A negative b’ value
indicates a 180° phase shift during scattering, which is a crucial factor for contrast-variation experiments.

The principle of the contrast-variation method is to replace an atom with one of its isotopes to induce a

significant change in the scattering length.
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1.3.2 Small-Angle Scattering

In a small-angle scattering experiment, a scattering event occurs when a quantum beam interacts with a
sample. By analyzing the distribution of the scattered beam at different scattering angles, we attempt to
characterize the formal structure. Here, we consider the case where X-rays (neutrons) are incident on an
isolated particle (Figure 1.5) [16—18]. The particle is uniformly packed with electrons (atomic nuclei)
that scatter X-rays (neutrons), and outside the particle is a vacuum. X-rays (neutrons) striking the particle
are scattered by each electron (atomic nuclei) in the particle. When the scattering intensity is observed
at a certain scattering angle 26, this is a superposition of X-rays (neutrons) scattered at various positions
in the particle. There is an optical path difference between X-rays (neutrons) passing through two points
determined by the position vector r, and the phase shift is given by ¢-r, where ¢ is the scattering vector
defined as the difference between scattering wave vector k, and incident wave vector k;. Therefore, the
scattering amplitude of the particle F(q) can be obtained by superposition of the scattered waves from
all the electrons (atomic nuclei) in the particle per volume (), considering this phase shift with the

density p(r) (electron density p. for X-rays and scattering length density p, for neutrons) as follows:

F(q) =f p(r)exp (—iq-r)dr. (1.14)
\%4

The scattering amplitude varies for the type of particle shapes. The actually observed physical quantity

is the scattering intensity /(g). The scattering intensity per unit volume is given by

F(@)F(q)

- (1.15)

I(q) =

The obtained scattering curve /(q) versus ¢ that is specific to the size and shape of the particle.

q= ks'ki
q =|q| =41sin6 /A

Incident beam
ki

Scattered beam
ks

Figure 1.5 Small-angle scattering from a particle.

10
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1.3.3 Reflectometry

The reflection of quantum beams is a useful phenomenon for the investigation of surface structures with
buried interfaces. The reflection occurs at interfaces with different refractive indexes n (Figure 1.6).
When quantum beams are incident on the specular surface of a thin film, they are divided into two beams.
One is the transmitted beam, and the other is the reflected beam. The refractive index » can be expressed
using the wavelength 1 and density p (electron density p. for X-rays and scattering length density p, for
neutrons) as follows [17]:
n=1—/1—2 2 (1.16)
2
Reflections of incident beams at equal angles are specular reflections, and the scattering vector ¢ of the

reflected beam projected in the z direction, g.:

4msinf
4@ =—7 (1.17)
According to the Snell law, the following relationship has the interface:
nycosfy = nycoso; . (1.18)

If medium 0 is a vacuum and total reflection occurs at the interface between medium 0 and medium 1,

then 61 = 0 and the critical angle €. is written as follows:
cosf. =n, . (1.19)

When the incident angle is smaller than the critical angle, the total reflection occurs. Beyond the critical
angle, a part of the incident neutron beam enters the sample with refraction, and the rest is reflected. In
the case, the reflectivity decreases rapidly with g.. If the interface is perfectly uniform and smooth, the
reflectivity decreases in proportion to ¢- . When a thin film exists on a substrate, there are two interfaces
that cause reflection. Therefore, quantum beams reflected at each interface interfere with each other, and
the reflectivity shows repeated maxima and minima. The fringe is called the Kissing fringe. The film
thickness can be estimated from its position, and the roughness of the air-substrate interface can be
estimated from the clarity of the fringe. When we consider a N-laminated structure, the reflectivity can

be calculated from the Parratt's equation.

Incident beam Reflected beam
No 6o Y 6o
Incident beam %  Reflected beam | roncmitted beam\<91
— n;

Figure 1.6 Reflection from a flat plate.

11
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1.3.4 Computed Tomography

Quantum beams possess the ability to penetrate materials. Radiography is a technique that acquires
images based on differences in their transmission through a sample. By taking projection images while
rotating the sample, it is possible to reconstruct a 3D structure of the sample using a method known as
computed tomography (CT). As an example, we consider the 2D reconstruction by X-ray absorption
contrast method using a collimated X-ray beam (Figure 1.7). The transmitted intensity can be expressed

as follows [19]:

Iy = l;exp {—Jf(x, y)ds}, (1.20)

where f(x, y) is the distribution of X-ray absorption coefficients for a certain section of an object, /; is
the incident intensity of the X-ray beam, and /y is the transmitted intensity. Equation 1.20 can be

rewritten using the projection data p,

I
ff(x,y)ds=lnEEp- (1.21)

In Figure 1.7, the r-s coordination is rotated by an angle 6 from the x-y coordination. The projection data

p(r, 0) is given by
p(r,0) = f f(rcos@ — ssinb, rsinf + scosf)ds . (1.22)
The relationship between r-s coordination and x-y coordination is as follows:

{ r = xcosO + ysin@ (1.23)

s = —xsinf + ycosf

The integral transformation that maps the absorption coefficient distribution f{x, y) to the projection data
p(r, 6) is called the Radon transformation. The projection data p(r, ) is imaged over the entire
circumference of the object, and f{x, y) is obtained from the image data. In other words, image
reconstruction from the projection data is the problem of finding the absorption coefficient f{x, y) by

inverse transformation of the Radon transformation.

s Yy
X-ray
«:‘ e r
/? x
fi
by p(r. 6) Detector

Figure 1.7 Computed tomography using a collimated X-ray beam for a 2D object.
12
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1.4 Objective of This Thesis

One of the issues for FCEVs is the overcome of the mass transport limitations on PEFC performance at
high current densities. This two-part thesis attempts to elucidate the fuel cell structure involved in the

concentration overpotential:

In Part 1, the author deals with the ionomer interface between platinum and carbon surfaces in CLs.
Ionomers with high O,-permeability are developed to reduce the Os-transport resistance [20]. The
ionomer framework, which consists of a ring-structured backbone with an Os-permeable glassy
amorphous matrix, improves the fuel cell performance thanks to the coarsely packed ionomer layer on
the Pt surface [21-23]. Although a clue to a solution in materials has been demonstrated, questions of
cost and productivity remain. Therefore, the author focuses on the ionomer/catalyst interface in CLs to

find a new solution.

In Part 2, the author focuses on the pore morphologies of GDLs, which are directly related to the
oxygen transport resistance. As introduced in Part 1, recent advances in material development have
concentrated on the use of ionomers with high oxygen permeability to reduce the local oxygen transport
resistance in CLs. The successful development of materials for CLs has results in a higher percentage
of oxygen transport resistance in the GDL as a percentage of the total. The oxygen transport resistance
in GDLs arises from the curved pore structure and the accumulation of liquid water generated during
power generation at the cathode electrode. The author examines GDL pore morphologies using X-ray

CT to understand the oxygen transport properties in GDLs from pore morphologies.

13
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Chapter 2

Ionomer Adsorption on Pt/C Surface in Catalyst Inks
2.1 Introduction

A CL for PEFCs is usually prepared by a wet coating process using a catalyst ink. Previous studies [1—
4] have reported that the interfacial structure between Pt and ionomers in CLs is influenced by the
ionomer distribution of catalyst inks, which affects the electrochemical performance. However, studies
of the ionomer adsorption on a Pt surface have been limited to ideal flat interfaces [5], which differ
significantly from real systems. In this chapter, the author presents the effect of Pt loading on the ionomer
adsorption behavior in an actual catalyst ink using contrast-variation small-angle neutron scattering (CV-

SANS).
2.2 Experimental

Pt/C particles, Nafion ionomer (D2020, Chemours), and a mixture of ultrapure water and ethanol were
employed to prepare the catalyst ink samples. Commercial catalysts with different Pt loadings (28.4 wt%
Pt/C; TEC10E30E, 37.3 wt% Pt/C; TEC10E40E, 46.0 wt% Pt/C; TEC10ES0E, Tanaka Kikinzoku
Kogyo) were used without any further modifications. The water-to-alcohol weight ratio in the mixture
was 7:3, and the volume concentrations of carbon supports and ionomers were ¢¢c = 0.02 and ¢p = 0.015,
respectively. The catalyst inks were prepared by mixing and sonicating the mixtures for 3 minutes. In
addition, the author prepared a Nafion dispersion (5 wt%) with a water/alcohol weight ratio of 9:1 as the
dispersion media for the contrast-matching method. For SANS measurements, the author conducted
experiments at the I0mSANS instrument in the NIST Center for Neutron Research. The incident neutron
beam had a wavelength A of 10 A, and the scattered neutrons were detected using a two-dimensional
detector. Two sample-to-detector distances of 1.2 and 5.2 m were used to cover the momentum transfer
range, ¢ = 4nsind/A, from 0.004 to 0.3 A~!, where 26 is the scattering angle. The samples were loaded
into a titanium cell with a 1 mm gap between two quartz windows. All measurements were conducted
at 25 °C. The scattering data were processed using the direct-beam method to obtain an absolute scale

using IGOR Pro macros [6]. Incoherent scattering was subtracted from each data set.
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2.3 Analytical Methods

The SLD of Nafion ionomers was determined using the contrast-matching method. The scattering

intensity in the dilute ionomer dispersion fionomer(¢) is Written as [7]:

Lionomer(q@) = N(pp — pD)ZF(Q)S(Q)' (2.1)

where N is the ionomer number density, pp is the SLD of ionomers, pp is the SLD of dispersion media,
F(g) is the form factor, and S(g) is the structure factor. Equation 2.1 indicates that the pp with the lowest
scattering intensity is the ps when experiments are performed for several different pp.

In the catalyst ink system consisting of carbon (C), polymer (P), and dispersion media (D), the

scattering intensity /(q) can be expressed as [7]:

1(q) = accScc(q@) + 2acpScp(q) + appSpp(q) (2.2)

where Scc(q) and Spp(g) are the self-correlation of each component, and Scp(g) is the cross-correlation
of carbon and polymer. In addition, ayy is defined as (pr—pp)(p;—pp) using their SLD (pc, pp, and pp)
where I and J are C or P. In this thesis, pc is used to be 6.0x10'° cm?, which is the calculated value of
the carbon density (2.2 g cm™). Since the accurate density of Nafion ionomer used in this thesis is
unknown, pp is evaluated by the contrast-matching method.

For CV-SANS measurements, the author changed the values of pp as in the contrast-matching

method:
Li(q) dcc, 2acp, app, g
a a cc(@)
12(:q) - C=C2 ZaFPZ P:P2 Scr(q) |- (2.3)
L(q) acen, 2acp, PPy Sep(q)

The set of partial scattering functions is evaluated via the singular value decomposition [7]. At least
three sets of experiments are required to obtain the partial scattering functions. However, the raw data
and the set values of the SLDs contain errors. Therefore, a large number of measurements is required to
accurately determine the partial scattering functions.

In Part 1, the author analyzed the structure of catalyst inks assuming a core-shell model proposed by
Shibayama et al [8]. In the case of a core-shell model with spherical radius r, the form factor F(r, ¢) and
the structure factor S(r, g) are given by the following equations:

47r3 3{sin(qr) — (qr)cos(qr)}
3 (qr)? '
N 1 DI (Dy — 1)
(qTave)®M {1 +1/(q2§)}Pu~1)/2

Here, rave, D, &, and I(x) are the average particle radius, the fractal dimension, the characteristic size

2.4

F(r,q) =

S(tr,q) =1 sin{(Dy; — Dtan"1(gé)}. (2.5)

of the mass fractal, and the gamma functions of x. In this study, Dm and & were set to be 1.43 and 1000
A, respectively, based on the literature value [8]. The actual system for catalyst inks has a wide
distribution of particle sizes. The fits presented in this thesis considered the polydispersity of core
particles in core-shell spheres. In the fits, the author assumed a Shultz distribution G(r) with a standard
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deviation o for the wide particle size distribution of Pt/C aggregates:

G(r) = r(zr i D (Zr:,:)m exp {_ rar,,e Z+ 1)}‘ (2.6)

where Z is the variable defined as Z = rav?o 2. Three partial scattering functions are rewritten as follows:

See(@) = NS(g) f F2(r, q) G(r)dr, @.7)
Ser(q) = NS(Q) j F(r, ) {(Bshen — boud F(r + A7, @) — banenF(r, G (), 2.8)
Sep(q) = NS(q) j {(Dshe1 — Pou) F(r + A7, Q) — dpenenF (1, Y G(r)dR, 2.9)

where Ar, dsheni, and @ou are the thickness of the adsorbed ionomer layer, the volume fraction of the

adsorbed ionomer layer, and the average volume fraction outside the core-shell particle.
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2.4 Results and Discussion
2.4.1 SLDs of Components in Catalyst Inks

Figure 2.1a shows the SANS profiles of the Nafion dispersion at different SLDs of dispersion media,
indicating that the peak intensity at ¢ = 0.04 A~ is dependent on the SLD of the dispersion media.
Figure 2.1b displays the plot of the peak intensities at around ¢ = 0.04 A~' versus the SLDs of the
dispersion media. Equation 2.1 indicates that the scattering intensity of the ionomer dispersion is a
quadratic function of SLDs of the dispersion media and the minimum intensity represents the SLD of
the ionomers. The SLD at the lowest intensity was 3.3 x 10'° cm™, so that this value was used as the
SLD of the ionomers. The SLDs of the Pt/C (TEC10E30E, TECI10E40E, and TECI10ES0E) and the
dispersion media were calculated from their average compositions and density. The SLDs of the Pt/C
with different Pt loadings were within 1% error. A deuterium substitution varies the SLD of the
dispersion media, ranging from —0.5 to 5.3 x 10'® cm. Four sets of samples were prepared by using
deuterium-substituted dispersion media to carry out CV-SANS. The SLDs of the different components

in the catalyst inks are summarized in Figure 2.2.

1.5 L L] T T T X
SLD(10"°em™®) (b}, '
—-1.3 1 !
319 1 !
—A-26 ~ 1.0 \ ;A
——3.9
<46

£
) \ ,
052 Sosl é

Ig) (cm’)

R g L.

01 2 3 4 5 6
SLD (10'%cm™)

Figure 2.1 (a) SANS profiles of Nafion dispersions. (b) The peak intensities are plotted against SLDs of
the dispersion media. The SANS profiles are vertically offset (+1, +2, +3, +4, and +5 for 5.2, 4.6, 3.9,

2.6, 1.9, and 1.3x10'° cm™2, respectively) to aid visualization.

Nafion (3.3) Pt/C (6.0)
Dispersion media (-0.5 ~ 5.3) i’
|= | | | . | “f‘\ | -
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Figure 2.2 SLDs of components in the catalyst ink. Copyright 2019, The Chemical Society of Japan.
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2.4.2 SANS Profiles of Catalyst Inks

Figure 2.3 shows SANS profiles of four samples with three different Pt loadings. The intensity in the
low-g regions decreases as the SLDs of the dispersion media increase. A singular value decomposition
method was applied to obtain partial scattering data from the SANS profiles, resulting in three partial
structure factors: Scc(q), Spp(q), and Sce(g). In Figure 2.4, Scc(g) and Spp(g) are plotted on a logarithmic
scale and shifted vertically to avoid overlap, while Scp(g) is plotted on a linear scale. The power law
slopes of Scc(q) at low g-region represent the surface fractal scattering of the aggregated carbon particles,
indicating the fractal nature of particle aggregates [9]. The change in slope at high-g regions is attributed
to the hollow structure of the aggregates composed of primary particles [10]. Spp(g) corresponds to the
scattering from isolated ionomer micelles in the dispersion media and the ionomer layer adsorbed on the
carbon agglomerates [11]. No significant differences were observed between samples in Scc(g) and
Sep(q), suggesting similar carbon particle aggregation characteristics. Scp(g), which represents the
correlations between Pt/C and ionomer, decreases with increasing Pt loading. It indicates that the shell
ionomer layer adsorbed on the Pt/C surface changes the structures with increasing Pt loading. To
quantitatively compare this system, the decomposed partial structure factors were fitted with functions
based on the core-shell model, as shown by the dashed lines in Figure 2.4. The fitting parameters
obtained from the analysis are summarized in Table 2.1. Figure 2.5 shows the volume fraction and
thickness of the shell ionomer layer adsorbed on a Pt/C surface with the illustration of the surface in
catalyst inks. As the Pt loading increases (i.e., the Pt surface area increases), the volume fraction of the

shell ionomer layer decreases while the thickness of the shell ionomer layer increases.
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Figure 2.3 SANS profiles of TEC10E30E (left), TEC10E40E (middle), and TEC10ESOE (right),

respectively. Four data sets with different SLDs of the dispersion media were plotted. Copyright 2019,

The Chemical Society of Japan.
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Figure 2.4 Decomposed partial structure factors: (a) Scc(g), (b) See(g), and (c) Sce(g). Dashed lines are

fit results. Solid lines for Spp(g) are SANS profiles of Nafion dispersion. Scc(q) and Spp(g) sre shifted by
multiplying with 100 for TEC10E30E and 0.01 for TEC10ES5OE to aid the visualization. Copyright 2019,
The Chemical Society of Japan.

Table 2.1 Summary of fitting results.

parameters TEC10E30E TEC10E40E TEC10E50E
R(A) 20753 +72.5 1783.0 + 36.8 1758.0 + 19.7

o (A) 5828.8 + 85.3 7824.1 + 14.1 7700.1 + 69.1

AR (A) 111.6+ 8.5 138.7 6.2 133.0 £ 9.4
Petetl () 0.442 = 0.002 0.424 +0.014 0.390 +0.019

24



Part 1: Chapter 2

0.5r 200r
(b)
o4t g
> % 150F
& g
L 0.3f E
@ - 5
g g 100
0.2}
5 :
o — 50f
Q =
< 0.
5 0.1 %
0.0 0

(c)

Nafion Nafion

Carbon Carbon

Figure 2.5 The (a) volume fraction and (b) thickness of the shell ionomer layer in catalyst inks, shown
as vertical bar charts, and (c) illustration of Nafion molecules adsorbed on a Pt/C particle in the catalyst
ink: (left) TEC10E30E and (right) TEC10ES0E. Nafion is represented by the backbone (bold red lines),
side chains (blue lines), and the terminal sulfonate group (open circles). Copyright 2019, The Chemical
Society of Japan.
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2.4.3 The Origin of Ionomer Adsorption on the Carbon Surface

In this section, the author interprets the observed interactions between the ionomer and Pt/C surface in
a catalyst ink. From the intensity of Scr(g) and the model fitting, the ionomer adsorption was suppressed
as the Pt loading increased. The results indicate that the ionomer adsorption is more promoted when the
carbon surface is exposed. Mashio et al. used molecular dynamics simulations to demonstrate that
ionomer molecules are predominantly adsorbed on a graphite sheet via the perfluoro-carbon backbone,
with the hydrophilic side chains pointing away from the graphite sheet [12]. In a previous study, the
adsorption equilibrium constants for carbon black without Pt and with 66.3 wt% Pt were determined
using '°F nuclear magnetic resonance spectroscopy of a catalyst ink [13]. The previous studies indicated
that the hydrophobic interaction is stronger than the interaction between the sulfonate groups and the Pt
surface, supporting the current research findings. Here, the author discusses the dependence of the Pt-Pt
distance on the ionomer adsorption behavior. In the case of TEC10E30E with a small amount of Pt
loading, there is a large Pt-Pt distance, which facilitates the ionomer adsorption on the carbon surface.
However, the Pt-Pt distance decreases for TEC10ESOE with a larger amount of Pt loading, inhibiting
ionomer adsorption. From the amount of Pt loading deposited on the ideal carbon sphere, the average
Pt-Pt distances were estimated to be 6.8 nm and 4.6 nm for TEC10E30E and TEC10ESO0E, respectively.
This difference in Pt-Pt distance can significantly affect the adsorption behavior of ionomers with a
length of about 30 nm [14]. The increase in Pt loading has a narrower exposed carbon area, leading to a
decrease in the volume fraction of the ionomer adsorption layer. However, the increasing area of the Pt
surface helps retain the ionomer molecules in the vicinity of the catalyst particle through the side-chain
interaction. This interpretation was later verified by other groups using experiments [15] and simulations
[16].

2.5 Conclusion

In this chapter, the author employed the CV-SANS technique to investigate the effect of Pt surface area
on ionomer adsorption in an actual catalyst ink system. The results revealed that as the Pt loading (i.e.,
Pt surface area) increased, the ionomer layer at the ionomer/Pt interface became sparser. This
observation suggests that the hydrophobic interaction between the ionomer backbone and the carbon
surface is stronger than the interaction between the terminal sulfonate groups on the ionomer side chains
and the Pt surface. The competition between these attractions was examined for the first time using

actual catalyst inks, providing valuable insight into the underlying mechanisms of ionomer adsorption.
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Chapter 3

Effect of lonomer Content on lonomer Adsorption in Catalyst Inks

3.1 Introduction

A CL in PEFCs exhibits inhomogeneous coverage of ionomer layers with thicknesses of ca. 10 nm and
ionomer segregation in certain regions [1]. These agglomerated ionomers in cathode CLs deteriorate gas
transport properties and the ORR activity [2—4]. Additionally, nonadsorbed ionomers in catalyst inks are
prone to self-aggregation during the drying process, and the segregated ionomers lead to stress
concentrations and the formation of cracks in CLs [5]. CV-SANS analysis revealed that catalyst inks
with weak interactions between the ionomer and the Pt/C surface induce the formation of cracks in the
CL [6]. In this chapter, the author proposes a method to evaluate the nonadsorbed ionomer in catalyst
inks using both CV-SANS and a laboratory-based technique. This method allows for assessing

nonadsorbed ionomer in catalyst inks and provides insight into the origin of ionomer segregation in CLs.
3.2 Experimental
3.2.1 Sample Preparation

Catalyst inks were prepared using Pt/C particles (TEC10V30E, Tanaka Kikinzoku Kogyo) and Nafion
dispersion (D2020, Chemours). These starting materials were dispersed in a water/alcohol mixture as a
dispersion medium (DM) and then sonicated for 3 min. The ionomer/carbon weight ratio (I/C) was 0.25,
0.50, 0.75, and 1.00. Tables 3.1 and 3.2 summarize the volume fraction of each component. Changing
the I/C also caused the change in the ratio of ethanol to 1-propanol (Table 3.2). However, this difference
could be ignored as long as the water/alcohol ratio remained the same. As for the evidence, the
differences in the relative dielectric constants [7] and surface tension [8] of water/alcohol mixtures are
negligible (Table 3.3). For contrast variation, the SLD (SLD1-4 = 2.0, 3.3, 4.0, and 4.8 x 10'° cm~?) was
tuned by varying the H/D ratio using D,O and C;DsOD. Furthermore, we prepared a 2.0 vol% Nafion

ionomer dispersion with the same water/alcohol ratio in the dispersion media for the catalyst ink.
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Table 3.1 The volume fraction of components in catalyst inks.

I/C Pt/C (vol%) lonomer (vol%) DM (vol%)
0.25 22 0.6 97.2
0.50 22 1.3 96.6
0.75 22 2.0 95.8
1.00 22 2.9 95.0

Table 3.2 The volume fraction of components for the dispersion media.

I/C Water (vol%) Ethanol (vol%) 1-Propanol (vol%)
0.25 65 32 3

0.50 65 28 7

0.75 65 25 10

1.00 65 21 14

Table 3.3 Physical properties of water-alcohol mixtures at 20 °C.

DM (vol%) Dielectric Constant (—) Surface Tension (mN m™")
Water (100) 80 73
Water/Ethanol (65/35) 66 34
Water/1-Propanol (65/35) 59 27

3.2.2 SANS Measurements

The SANS measurements were conducted using the 10m SANS instrument in the NIST Center for
Neutron Research. The wavelength of the incident neutron beam was 10 A, and the scattered neutrons
were collected using a two-dimensional detector. Two sample-to-detector distances of 1.2 and 5.2 m
were used to cover a range of momentum transfers from 0.004 to 0.3 A~'. The samples were loaded into
a titanium cell with a 1mm gap between the two quartz windows. The SANS experiments were carried
out at 25 °C. The scattering data were reduced using IGOR Pro macros to obtain an absolute scale [9].
Incoherent scattering was subtracted from each data set. The obtained scattering functions were

decomposed into three partial scattering functions: Scc(g), Sep(g), and Sce(q).
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3.2.3 Characterization by Filtration Methods

In the characterization of ionomer-covered Pt/C particles in a catalyst ink, a filtration method was used
(Figure 3.1). The particles were removed from the ink using a syringe filter, and the residual solution
was transferred into a weighing bottle and subjected to overnight heating at 80 °C. The bottle was
weighed before and after the heat treatment. The volume fraction of nonadsorbed ionomer ¢riter 1S
calculated by the following equation:

nM[_1

{(N_Tl)MDM_l +7’lM[_1}. (31)

Prilter =

Here, N represents the weight of the residual solution, n denotes the solid content, and M; and Mpwm are
the densities of ionomer (2.0 g cm=) and DM (0.85 g cm™), respectively. Mpm was calculated based on

the composition of the DM.

= =

Syringe —

_._-_____________._._-—-—P
Syringe filter —_—-
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=
[ i
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~
o @_‘: Weighing bottle -

Figure 3.1 Schematic illustration of the filtration method. Copyright 2020, The Chemical Society of

Japan.
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3.3 Results and Discussion
3.3.1 SANS Profiles of Catalyst Inks

Figure 3.2 shows SANS profiles of each catalyst ink sample at various SLDs (SLD1-4). From these
profiles, three partial scattering functions were obtained (Figure 3.3). The scattering intensities of Scc(g)
and Scp(g) decrease monotonically, while the profiles of Spp(g) exhibit a peak around g = 0.04 A~'. In
the following paragraph, the author discusses these partial structure functions individually. The Scc(Q)
functions for all catalyst inks overlap, indicating that the size of carbon aggregates is independent of the
ionomer content (Figure 3.3a). This trend agrees with the previous report based on dynamic light
scattering [10]. In contrast, Scp(q) and Spp(g) show sensitivity to I/C (Figure 3.3b,c). The intensities of
Scr(q) and Spp(q) in the low g-region (g < 0.03 A™') increased from 0.25 I/C to 0.50 I/C and then remain
relatively constant up to 1.00 I/C. In order to discuss the volume fraction and thickness of adsorbed
ionomer layer, the author applied a core-shell model to fit the three partial scattering functions. As the
I/C ratio increases, the volume fraction of the ionomer layer increases from 0.12 at 0.25 I/C to 0.21 at
1.00 I/C, while the thickness remains nearly constant for all I/C ratios. Regarding Spp(q), an upturn is
observed in the high g-region (¢ > 0.03 A™') (Figure 3.3b), indicating an increase in nonadsorbed
ionomer in the catalyst ink with higher I/C ratios. This observation aligns with the expected limitation
of ionomer adsorption on the Pt/C particles. Notably, the Sep(g) exhibits a shoulder near ¢ = 0.04 A,
referred to as the “ionomer peak”, which is characteristic of ionomers [11-13]. The SANS profile for
the 2 vol% ionomer dispersion (Figure 3.4) has a scattering maximum within the same g-range as the
catalyst inks. Furthermore, the g-dependence of the ionomer dispersion profile changed from g2 to the
g*. The g% dependence originates from the fractal dimension of the bending bundle-like aggregates
[14], while the crossover point indicates the upper limit of the bundle diameter. In the high g-region
above 0.10 A-!, the ¢* dependence can be described by Porod’s law, where the scattering intensity
depends on the specific surface defined as the total surface area of the interface over the total volume
ratio [15]. For bundles, the specific surface equals 2¢/r, where ¢ and r represent the volume fraction and
the radius of bundles. The scattering intensity in the Porod region depends on the ionomer volume
fraction if the radius of ionomer bundles is independent of the volume fraction. SANS experiments have
confirmed the validity of the assumption for Nafion ionomer dispersion [16]. Therefore, the volume

fraction of nonadsorbed ionomer can be evaluated in the Prodo region as follows:

¢out

Spp (CI) = Iionomer(q) ’ (3.2)

¢ionomer
where fionomer(¢) denotes the scattering function of the ionomer dispersion with a 2 vol% ionomers

(Pionomer = 0.020) and @oy is the volume fraction of the nonadsorbed ionomer.
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3.3.2 Mechanism of Ionomer Adsorption in Catalyst Inks

Figure 3.5 provides the volume fraction of nonadsorbed ionomer and the total ionomer volume fraction
(¢1). Although ¢ou: increased at higher 1/C values, ¢ou and @1 were not equal across the I/C range. This
deviation indicates the presence of adsorbed ionomer in the catalyst ink. Earlier studies have reported
that ionomer adsorption follows the Langmuir isotherm, with a maximum surface coverage of primary
adsorption estimated to be 4.62 x 10 g m™ in a catalyst ink [17]. By comparing the obtained fitting
parameters, the author found that the surface coverage of the catalyst ink at 1.0 I/C is 3.0 x 10* g m2.
It suggests that ionomer adsorption in the evaluated range of I/C ratio follows the Langmuir isotherm.

Figure 3.6 provides a possible illustration of the catalyst ink based on these findings.
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Figure 3.5 Volume fraction of ionomer as a function of I/C ratio in a catalyst ink. ¢; and ¢ou are the

volume fraction of the total ionomer and nonadsorbed ionomer obtained from CV-SANS measurements.

Copyright 2020, The Chemical Society of Japan.
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Figure 3.6 Structural evolution of adsorbed ionomer on a Pt/C aggregate in catalyst inks. Copyright 2020,
The Chemical Society of Japan.
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3.3.3 Comparison between CV-SANS and Filtration Methods

Table 3.4 summarizes the volume fractions of nonadsorbed ionomer obtained through the filtration
method, along with ¢1 and @our. Both @rier and @ouc show the same qualitative trend, increasing
monotonically with I/C increases. However, the ¢riier values are consistently larger than the ¢ou values
across the entire range of I/C ratios. The SANS measurements are conducted under stationary conditions,
whereas the filtration method involves the application of high shear (>10° s™') when passing through the
syringe filter. The driving force for ionomer adsorption onto a Pt/C particle is physical adsorption via
forces such as van der Waals and hydrophobic interaction [18]. These interactions may be insufficient
to maintain the original state of ionomers during the filtration process. Neutron reflectometry studies
have observed a sudden desorption of polymer chains adsorbed from a substrate above a certain critical

—1

shear rate of approximately 10* s! [19]. Therefore, it is possible that the filtration method may

overestimates the amount of nonadsorbed ionomer in catalyst inks.

Table 3.4 The volume fractions of total and nonadsorbed ionomer for each catalyst ink.

e $10) Pou () Pritier ()
0.25 0.006 0.005 0.004
0.50 0.013 0.007 0.010
0.75 0.020 0.012 0.015
1.00 0.029 0.014 0.022

3.4 Conclusion

In this chapter, the author evaluates the nonadsorbed ionomer in catalyst inks for polymer electrolyte
fuel cells (PEFCs). The author employs CV-SANS measurements to quantify the nonadsorbed ionomer.
In addition to the CV-SANS method, the author also introduces a laboratory-based technique using the
filtration method to assess the volume fraction of nonadsorbed ionomer in catalyst inks. By comparing
the results obtained from the filtration method with those from the CV-SANS measurements, the author
confirms that the filtration method provides a reliable qualitative trend of nonadsorbed ionomers in
catalyst inks. This accessible laboratory method can be used as a practical tool for evaluating

nonadsorbed ionomers, enabling researchers to accelerate the rational material design of CLs for PEFCs.

35



Part 1: Chapter 3

References

01.

02.

03.

04.

05.

06.

07.

08.

09.

10.

1.

12.

13.

14.

M. Lopez-Haro, L. Guétaz, T. Printemps, A. Morin, S. Escribano, P. H. Jouneau, P. Bayle-
Guillemaud, F. Chandezon, G. Gebel, Three-Dimensional Analysis of Nafion Layers in Fuel Cell
electrodes, Nat. Commun. 5 (2014) 5229.

S. Takahashi, T. Mashio, N. Horibe, K. Akizuki, A. Ohma, Analysis of the Microstructure
Formation Process and Its Influence on the Performance of Polymer Electrolyte Fuel-Cell Catalyst
Layers, ChemElectroChem 2 (2015) 1560.

T. T. Ngo, T. L. Yu, H.-L. Lin, Influence of the Composition of Isopropyl Alcohol/Water Mixture
Solvents in Catalyst Ink Solutions on Proton Exchange Membrane Fuel Cell Performance, J. Power
Sources 225 (2013) 293-303.

S.-J. Shin, J.-K. Lee, H.-Y. Ha, S.-A. Hong, H.-S. Chun, I.-H. Oh, Effect of the Catalytic Ink
Preparation Method on the Performance of Polymer Electrolyte Membrane Fuel Cells, J. Power
Sources 106 (2002) 146—152.

N. Kumano, K. Kudo, A. Suda, Y. Akimoto, M. Ishii, H. Nakamura, Controlling Cracking
Formation in Fuel Cell Catalyst Layers, J. Power Sources 419 (2019) 219-228.

T. Kusano, T. Hiroi, K. Amemiya, M. Ando, T. Takahashi, M. Shibayama, Structural Evolution of
a Catalyst Ink for Fuel Cells During the Drying Process Investigated by CV-SANS, Polym. J. 47
(2015) 546-555.

G. Akerlof, Dielectric Constants of Some Organic Solvent-Water Mixtures at Various Temperatures,
J. Am. Chem. Soc. 54 (1932) 4125-4139.

G. Vazquez, E. Alvarez, J. M. Navaza, Surface Tension of Alcohol Water + Water from 20 to 50 °C,
J. Chem. Eng. Data 40 (1995) 611-614.

S. R. Kline, Reduction and Analysis of SANS and USANS Data Using IGOR Pro, J. Appl.
Crystallogr. 39 (2006) 895-900.

S. Shukla, S. Bhattacharjee, A. Z. Weber, M. Secanell, Experimental and Theoretical Analysis of
Ink Dispersion Stability for Polymer Electrolyte Fuel Cell Applications, J. Electrochem. Soc. 164
(2017) F600-F609.

A. Kusoglu, A. Z. Weber, New Insights into Perfluorinated Sulfonic-Acid Ionomers, Chem. Rev.
117 (2017) 987-1104.

N. Ise, T. Okubo, K. Yamamoto, H. Kawai, T. Hashimoto, M. Fujimura, Y. Hiragi, Ordered
Structure in Dilute Solutions of Ionic Biopolymers. 2. Small-Angle X-Ray Scattering Study of
Sodium Polyacrylate Solution, J. Am. Chem. Soc. 102 (1980) 7901-7906.

C. Welch, A. Labouriau, R. Hjelm, B. Orler, C. Johnston, Y. S. Kim, Nafion in Dilute Solvent
Systems: Dispersion or Solution?, ACS Macro Lett. 1 (2012) 1403-1407.

T. Mima, T. Kinjo, S. Yamakawa, R. Asahi, Study of the Conformation of Polyelectrolyte
Aggregates Using Coarse-Grained Molecular Dynamics Simulations, Soft Matter 13 (2017) 5991-
5999.

36



Part 1: Chapter 3

15.

16.

17.

18.

19.

G. Porod, O. Glatter, O. Kratky, Small Angle X-Ray Scattering, ed. by O. Glatter and O. Kratky,
Academic Press, London 1982, 17.

B. Loppinet, G. Gebel, C. E. Williams, Small-Angle Scattering Study of Perfluorosulfonated
Ionomer Solutions, J. Phys. Chem. B 101 (1997) 1884-1892.

S. Ma, Q. Chen, F. H. Jogensen, P. C. Stein, E. M. Skou, '°F NMR Studies of Nafion™ [onomer
Adsorption on PEMFC Catalysts and Supporting Carbons, Solid State Ion. 178 (2007) 1568—1575.
J.-H. Lee, U. Paik, J.-Y. Choi, K. K. Kim, S.-M. Yoon, J. Lee, B.-K. Kim, J. M. Kim, M. H. Park,
C. W. Yang, K. H. An, Y. H. Lee, Dispersion Stability of Single-Walled Carbon Nanotubes Using
Nafion in Bisolvent, J. Phys. Chem. C 111 (2007) 2477-2483.

D. L. Anastassopoulos, N. Spiliopoulos, A. A. Vradis, C. Toprakcioglu, S. M. Baker, A. Menelle,
Shear-Induced Desorption in Polymer Brushes, Macromolecules 39 (2006) 8901-8904.

37



38



Part 1: Chapter 4

Chapter 4

Effect of Temperature on lonomer Adsorption in Catalyst Inks

4.1 Introduction

A catalyst coated membrane (CCM) for PEFCs was manufactured by transferring the CLs from decal
sheets onto both sides of the PEM. The CLs is typically fabricated by wet coating processes [1,2]. The
viscosity of catalyst inks can be controlled by optimizing the component materials to achieve shear-
thinning behavior in the intermittently coated systems. The rheological properties of catalyst inks are
influenced by their nanoscale structures. In catalyst inks, the ionomer spontaneously adsorbs onto the
carbon surface [3]. The adsorbed ionomer enhances ink dispersibility and stability by providing
repulsive forces between the carbon supports, as explained by the Derjaguin—Landau—Verwey—
Overbeek (DLVO) theory [4, 5]. Khandavalli et al. have suggested that the ionomer-to-carbon support
mass ratio affects the agglomerated structures and interparticle interactions [6]. Furthermore, it is widely
accepted that the structures within catalyst inks influence the microstructures [7-10] and
macrostructures [11] of the catalyst layers. Cleve et al. have observed that low-water-content inks result
in low ionomer coverage due to weak ionomer-particle interactions [10]. They have correlated this
finding with the formation of large ionomer aggregates in the catalyst layers. The ability to control
ionomer-particle interactions in a catalyst ink could enable the design of optimal catalyst layers that
enhance fuel cell performance.

Temperature plays a significant role in the adsorption of ionomers in catalyst inks. Thoma et al.
conducted isothermal titration calorimetry studies and found that ionomer adsorption on a carbon surface
is both entropically and enthalpically favored [12]. A positive adsorption entropy 4S indicates that
ionomer adsorption progresses at elevated temperatures. However, the catalyst ink is maintained at low
temperatures during ultrasonication process, which is commonly used to crush large carbon
agglomerates [13]. Shinozaki et al. demonstrated that using low sonication power and an ice bath is
crucial for maximizing catalyst activity [14]. Wang et al. showed that ultrasonication in an ice bath
prevents the formation of unfavorable high-temperature environments [15]. Although adsorbing
ionomers at elevated temperatures can facilitate the dispersion of carbon supports, the established
dispersion process of catalyst inks in an ice bath positively impacts the quality of the CLs. The influence
of temperature on catalyst inks is still unclear, and the evolution of the structure with respect to ionomer
adsorption needs to be elucidated using CV-SANS. In this chapter, the author reports the temperature

dependence of nanostructures in catalyst inks.
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4.2 Experimental
4.2.1 Sample Preparation

Ink samples were prepared by mixing carbon supports (Vulcan XC-72R, Cabot) with a Nafion ionomer
dispersion (D2020, Chemours) and a water—ethanol mixture. Prior to mixing, the carbon supports were
treated with 1 M HNO3 at 70 °C for 1 h to provide a hydrophilic surface with carboxylic and hydroxyl
groups [16]. Since the deposition of platinum nanoparticles renders the catalyst supports hydrophilic
[17], the surface properties were modified through nitric acid treatment. The mildly oxidized carbon
supports were washed with excess deionized water and then dried in a vacuum furnace. The water—
alcohol weight ratio in the dispersion media for the inks was 7:3. The volume fractions of the carbon
support ¢c and ionomer ¢p in the inks were 0.022 and 0.015, corresponding to an I/C ratio of 0.75. After

mixing the raw materials, the mixtures were sonicated in an ice bath for 3 min.
4.2.2 SANS Measurements

SANS data were collected using the 10 m SANS instrument in the NIST Center for Neutron Research.
The inks were loaded into a titanium cell with a 1 mm gap between the two quartz windows. All SANS
measurements were performed at discrete temperatures (7m) of 25, 40, 55, and 70 °C. The wavelength
of the incident neutron beam A was 10 A, and the scattered neutrons were gathered using a two-
dimensional detector. Two sample-to-detector distances of 1.2 and 5.2 m used for covering the wide
range of momentum transfer ¢ (0.004-0.3 A™'; g = 4 zsind/J, where 20 is the scattering angle). The
scattering data were reduced to obtain an absolute scale using IGOR Pro macros [18]. Additionally, the
incoherent scattering originating from the samples was subtracted from each dataset. In this study, a
series of SANS measurements were performed for five sample sets with different deuterium contents of
the dispersion media (SLDpwm): 0.97 x 10'°, 1.94 x 1010, 3.16 x 10'°, 3.89 x 10'°, and 5.23 x 10'° cm™2.
For the decomposition of the SANS scattering functions into partial scattering functions, the SLDs of

the carbon and the ionomer was 6.3 x 10'° and 3.3 x 10! cm™2

. To validate the decomposition, the
obtained scattering terms were used to reconstruct the SANS scattering functions, which were then

compared to the observed SANS functions.

40



Part 1: Chapter 4

4.3. Results and Discussion
4.3.1. SANS Profiles of Catalyst Inks

Figure 4.1a shows the SANS functions of the catalyst ink at 7. The intensity of SANS functions at low
q monotonically increases as 7w increases. This change indicates a structural evolution of the catalyst
ink with temperature. It is important to note that the total scattering functions does not provide insight
into the structure of individual components. Figures 4.1b—e display SANS functions for ink samples
with a specific SLDpwm at each 7. All SANS functions were used for decomposition. The reconstructed
SANS functions (solid lines in Figures 4.1b—e) calculated from the partial scattering functions (Figures
4.2a—c) successfully replicate the observed SANS functions.

The invariance of intensity and slope in Scc(g) across Twm suggests that the carbon aggregate size
remains unaffected by temperature changes. Notably, differences in Spp(q) are not observed throughout
the entire ¢ range, indicating that liquid—liquid phase separation and a consistent volume fraction of the
floating ionomer in the dispersion media. In contrast, a monotonic decrease in Scp(g) intensity is
observed with Ty increases, indicating a weak carbon—ionomer interaction with elevated temperatures
[19]. Figure 4.2d presents fitting curves that closely match the data. The volume fraction of shell ionomer
dshen and thickness AR at 25 °C were 0.46 + 0.01 and 86.4 + 4.5 A, respectively, which are consistent in
Chapters 2 and 3. All fitting parameters for each 7w are listed in Table 4.1.

Figure 4.3 presents the volume fraction and thickness of the shell ionomer layer in the catalyst ink as
a function of Twm. At elevated temperatures, the volume fraction decreased while the shell thickness
increased. This trend arises due to the enhanced chain mobility. The CV-SANS analysis revealed that
the volume fraction of floating ionomer in the dispersion media was approximately 0.006 at all 7 values.
Considering the total ionomer volume fraction of 0.015, the nonadsorbed ionomer fraction was
approximately 40%. Importantly, the nonadsorbed ionomer fraction aligns with the volume fraction and
thickness of the shell ionomer layer. Although ionomer adsorption is an entropically favored process,
the substantial adsorption enthalpy ensures almost complete ionomer adsorption, even at 7y = 25 °C

[12].
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Figure 4.1 (a) SANS functions for catalyst inks at different discrete temperatures 7w (25, 40, 55, and
70 °C). (b—¢) Observed (closed circles) and reconstructed (solid lines) SANS functions for catalyst inks
at Twm. Copyright 2021, Elsevier.
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Figure 4.2 Partial scattering functions at 7w (25, 40, 55, and 70 C): (a) Scc(q), (b) Sce(g), and (c) Sep(g).
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results of Scc(q), Sce(g), and Sep(q), respectively. Copyright 2021, Elsevier.
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Table 4.1 Summary of fitting results.

Parameter 25°C 40 °C 55°C 70 °C
R (A7) 570.5 570.5 570.5 570.5
o (A?) 523.6 £15.7 523.6+£15.7 523.6+£15.7 523.6+15.7
AR (A) 86.4+4.5 953+24 105.4+9.1 169.9 +£23.9
Psheit () 0.455+£0.010 0.441 £0.011 0.388 £0.012 0.336 £0.012
Pout (-) 0.006 + 0.001 0.006 £ 0.001 0.006 £ 0.001 0.006 +0.001

a These parameters were fixed using literature values [20]. Parameter b was obtained by the fitting

results at 25 °C and fixed at 40, 55, and 70 °C.
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4.3.2. The Origin of Ionomer Adsorption Behavior

In the case of carbon dispersion without ionomer, the presence of a rigid carbon network structure at
elevated temperatures can be explained by the typical DLVO theory, considering van der Waals
attraction and electrostatic repulsion. Despite the continued forces of van der Waals attraction remains
strong at elevated temperatures, the electrostatic repulsion becomes effective at closer particle distances
as temperature increases. In the case of water—ethanol mixtures (w/w = 7/3), the dielectric constant,
governing the electrostatic repulsion, decreases from 61.0 to 48.4 with the increase of the temperature
from 25 to 70 °C, respectively [21]. Therefore, a rigid carbon network structure in the carbon
dispersion is observed at elevated temperatures.

In the presence of the ionomer in catalyst inks, carbon particles covered with the ionomer exhibit a
negative zeta potential (~50 mV) [10]. The surface charge is sufficient to prevent the formation of a
carbon network structure. The CV-SANS analysis confirms the steady ionomer adsorption state at
elevated temperatures. The investigation of ink properties shows a shear-thinning behavior at elevated
temperatures (data not shown). In the subsequent discussion, the origin of the shear-thinning behavior
in catalyst inks at elevated temperatures is explored, taking into account factors such as electrostatic
repulsion, depletion [22,23] and bridging attraction [24,25].

The osmotic effect induced by the non-adsorbed polymer in the dispersion medium, often referred to
as depletion flocculation, is unlikely to be responsible for the shear-thinning behavior since the fraction
of nonadsorbed ionomer remains constant with temperature. Another form of bridging flocculation
occurs when the free end of adsorbed polymer chains physically binds to another particle surface. This
type of attraction arises when the particle surfaces have relatively low polymer coverage or when the
polymer's coil size is larger than the particles [24]. However, as there is no decrease in the rate of polymer
adsorption with increasing temperature, this form of bridging flocculation is not considered to be
occurring.

An alternative type of bridging flocculation arises from hydrophobic interactions between the free
ends of adsorbed polymer chains. The compression of polymer chains as the polymer-coated particles
approaches each other generally leads to a repulsive force known as steric repulsion. Based on a
theoretical model [25], the particle thickness and the adsorbed polymer chain thickness determine
whether the polymer adsorption results in steric repulsion (R > 24R) or bridging attraction (R < 24R).
Using the hard-sphere structure factor [26] with a volume fraction ¢c (0.022) and particle radius R (570
A), the critical transition thickness of particle radius is 192 A. Thus, the critical transition thickness of
the shell ionomer is 96 A (dotted line in Figure 4.4b). The CV-SANS analysis suggests the occurrence
of bridging attraction between 40 and 55 °C. Figure 4.4 provides an illustration of the structural changes

observed in the catalyst inks.
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Figure 4.4 Schematic illustration of the structural evolution of a catalyst ink. Copyright 2021, Elsevier.

4.4 Conclusion

In this chapter, the author focused on the structural evolution of catalyst inks with varying temperatures
using CV-SANS. The analysis revealed that the thickness of the shell ionomer layer was more than
double at 70 °C was more than double that at 25 °C. This increase in thickness resulted in a reduction of
electrostatic repulsion and the emergence of bridging attraction between particles. The examination of
ink properties shows a shear-thinning behavior at elevated temperatures. These findings highlight that
the significance of temperature as a crucial parameter in influencing the viscosities of catalyst inks

through the modulation of adsorbed ionomers on carbon supports.
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Chapter 5

Ionomer Adsorption on Carbon Surfaces

5.1 Introduction

In order to meet the demand for more affordable FCEVs, it is crucial to reduce the Pt loading in the CLs
while enhancing the Pt mass activity for the ORR. Orfanidi et al. [1] proposed a method involving NH3
treatment to modify carbon supports. They demonstrated that the modification achieved a uniform
ionomer distribution via the Coulombic interaction with the negatively charged ionomer side chains
(SO37) and reduced mass transport resistance. Ott et al. [2] introduced balanced quantities of
pyridinic/pyrrolic/graphitic nitrogen (N) functional groups on carbon supports, which interacted with
ionomer chains and facilitated their homogeneous spatial distribution. Matsutori et al. [3] showed that
pyrrolic N functional groups could be selectively and directly introduced to carbon supports using a
grafting method initiated by the thermal decomposition of azo compounds. Various electrochemical
evaluations of N-modified carbon supports synthesized through different routes have supported the
effectiveness of chemically modified carbon supports [1-8]. However, the interfacial structure between
N-modified carbon and ionomers has not been experimentally studied, and thus, the effects of this
interface remain uncertain. Therefore, this chapter aims to reveal the interfacial ionomer structure on N-

modified carbon surfaces and discuss the influence of surface properties.
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5.2 Experimental
5.2.1 Sample Preparation

The deposition of approximately 50-nm-thick carbon thin films onto 3-mm-thick Si wafers was carried
out using magnetron sputtering. These carbon thin films were fabricated by Kyodo International, Inc.
and underwent surface modification using a previously reported method [2]. The carbon films were first
treated with concentrated HNO3 (FUJIFILM Wako Pure Chemical) at 70 °C for 2 h, followed by rinsing
with ultrapure water three times to supply carboxylic and hydroxyl groups. The carbon films were
subsequently heated in a tube furnace for 2 h with a mixture of NH3 and Ar gases at flow rates of 0.5
and 0.2 L/min, respectively. To ensure a homogeneous chemical reaction occurred upstream and
downstream, the author synthesized TiO, N, from TiO, and examined the color distribution. The
fabrication procedure and the sample notations are summarized in Figure 5.1a. On the top of the carbon
films, approximately 30-nm-thick ionomer thin films were prepared by spin-coating a Nafion ionomer
dispersion at 2000 rpm for 30 s [9]. Nafion ionomer dispersion (20 wt %; D2020, Chemours) was diluted
to 1 wt % using 1- propanol (FUJIFILM Wako Pure Chemical) and used as the dispersion. The resulting

thin films were annealed at 120 °C for 1 h in a vacuum oven.

(@)

. NH;: 0.5 L/min
Silicon wafer NH; treatment  Ar : 0.2 L/min
(2 2", 3 mm thickness) Conc. HNO; (70 °C, 2 h) (200°C, 2 h)
— O — . c——
Fim¢C FilmO NH; treatment
b (400 °C, 2 h)
( ) Film N400

NH; treatment
(600 °C, 2 h)

Film N600

H,O vapor

Bulk
Interface

Nafion® ionomer

Carbon

Vertical depth direction (nm)

SLD (100¢m™2)

Figure 5.1 (a) Fabrication of surface-modified carbon thin films. (b) Schematic illustration of the vertical

scattering length density (SLD) profiles. Copyright 2022, American Chemical Society.

50



Part 1: Chapter 5

5.2.2 Characterization of Carbon Thin Films

The surface morphologies of the carbon thin films were examined by field emission scanning electron
microscope (FE-SEM; Regulus SU8230, Hitachi High Technologies) in secondary electron mode at an
accelerated voltage of 2 kV. The surface roughness of the carbon thin films was studied using an atomic
force microscope (AFM) (AVH-1000, Bruker) with high-resolution silicon AFM probes (Budget
Sensors SHR75) with a spring constant of 3 N/m. For chemical composition analysis, X-ray
Photoelectron Spectroscopy (XPS; Quantera SXM, ULVAC PHI) was performed using monochromatic
Al Ka X-rays (1486.6 eV). A detector diameter and take-off angle of —200 um and 45°, respectively,
were used. All XPS profiles were charge-corrected based on the C 1s main peak with a binding energy
of 284.5 eV. The carbon films were stored in a vacuum desiccator prior to being analyzed by XPS. The
XPS analysis was completed within 3 days of sample fabrication. The thickness and density of carbon
thin films were determined using an X-ray diffractometer (XRD) with Cu Ko radiation (SmartLab,
Rigaku) in the mode of X-ray reflectivity (XRR) measurements. Raman spectra were collected using a
laser Raman spectrometer (NRS-3300, Jasco) with 532 nm excitation light. The wettability of carbon
thin films was assessed using a contact angle meter (PCA-11, KYOWA).

5.2.3 Characterization of Ionomer Layer on Carbon Surfaces

NR measurements were performed at BL17 SHARAKU in J-PARC Center. Neutron pulses of 25 Hz
were generated with a wavelength band of 2.0 A < 1 < 8.8 A. Reflectometry profiles were obtained at
reflection angles of 0.3, 0.7, 1.6, and 3.5°, covering a g-range of 0.007—0.3 A ~!. The magnitude of the
scattering vector ¢ was defined as 4zsind/A, where 6 is the incident angle. All measurements were
performed for approximately 1.5 h to obtain sufficient counting statistics. The collected data were
analyzed using the Motofit macro package [10]. NR experiments were conducted with two scattering
contrasts on the same system using H>O and D>O for double-contrast measurements. The NR
measurements were performed at room temperature (22 °C) and under controlled RH conditions. The
RH conditions included H>O vapor, dry N> at 4% RH, D>O vapor, and dry N> at 4% RH. A saturated
KClin HO/D>0 was added to a homemade aluminum cell to maintain wet conditions (85% RH), while
dry conditions were achieved by supplying N, gas at a flow rate of 0.1 L/min. The temperature and
humidity inside the cells were monitored, and an equilibration time of at least 1 h was used before
performing the reflectivity measurements.

The fitting of NR profiles reveals the SLD profile along the vertical direction of thin films. The
double-contrast method uses H>O and DO to evaluate the water distribution of thin films. Assuming
that the exchange of H>O and D»O does not affect the water and material distribution of thin films, the
difference in the SLD profiles fitted by NR profiles with H>O and DO exposures is attributed to the
water distribution of thin films. In the case of ionomer thin films on carbon surfaces with H-O and D>O
exposure, the thin film layer consists mainly of ionomer and water, with a few voids and carbon

(roughness effects) as follows:
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SLDH2? = $,,SLDy o + ¢nSLDy + $cSLDc + aSLD, (5.1)
SLDP2Y = ¢, SLDp_o + ¢y SLDy + pcSLD¢ + paSLD,4 (5.2)
Pwt+ PNt PctPa=1, (5.3)

where SLD;IIZH? , SLDEIZH? , SLDx, SLD¢, and SLD4 (= 0 cm™2) are the SLDs of a film under H,O vapor,
the thin film under D,O vapor, the ionomer, the carbon layer, and the air/voids in the film, respectively.
Moreover, @w, @n, ¢c, and ¢ denote the volume fractions of water, the ionomer, the carbon, and the
air/voids, respectively. When performing double-contrast NR measurements, the equation as follows
becomes applicable, considering the increase in SLDs of ionomer layers due to the substitution of H.O

with D,O:

SLDp2O — SLD§Z = @, (SLDp, o — SLDy,0) - (5.4)

film film

The ¢w values of the ionomer layers can be definitively determined using the double-contrast method
because the subtraction eliminates the two to four terms in Equations 5.1 and 5.2 without any
assumptions. However, certain assumptions are necessary to evaluate both SLDy and ¢n. The volume
fraction of the ionomer in the films was evaluated based on the following assumptions: (i) considering
the volume fraction of carbon in the carbon—ionomer interface that originating from roughness [9,11];
(i1) assuming that the volume fractions of carbon and voids in the ionomer layers are zero; (iii) allowing
for frustrations in SLDx to satisfy Equations 5.1-3; and (iv) determining the volume fraction of air in
the ionomer—air interface to satisfy Equations 5.1-3. Assumption (iii) accounts for the variation in
ionomer volume.

The author analyzed the obtained NR profiles with the MOTOFIT analysis package based on the
Parratt formula [10]. For this analysis, the four multilayer models (SiO,, Carbon, interfacial ionomer,
and bulk ionomer layers) were assumed to exist on the Si substrate, and all profiles were fitted to
minimize y? using the Levenberg-Marquardt algorithm. The intensity of NR decreases with ¢ . Hence,
any deviations between measured and simulated data at larger values of ¢ are too small and have a
minimal impact on the y? value used for fitting. Therefore, the author fitted 1(q)xg* data to reduce the
bias. After the pre-fitting with the genetic algorithm, the global minimum of y? is searched in the nine
multidimensional parameter space under the following constraints: 1) the SLD of Si is fixed at 2.07 x
10' cm™2 [12]; 2) the fixed parameters for the SLD (3.47 x 10'° ¢m™2) [12], thickness (4 nm), and
roughness (1 nm) of the native SiO; layer are shared among all NR profiles. The thickness and roughness
of the Si0; layer were the best-fit parameters for the NR profiles at the carbon thin film. The NR curves
of the thin films acquired under H,O vapor were first analyzed to determine the structural parameters of
the carbon and ionomer layers, including their thickness, SLD, and interfacial roughness. For the NR
data acquired under D,O vapor, the fitting process focuses only on determining the SLDs of the ionomer

thin films. The remaining parameters obtained from fitting the NR curves collected under H,O vapor
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were used. In the case of the NR data obtained under dry nitrogen gas, the fitting procedure included the
determination of the thickness, roughness, and SLD of the ionomer thin films. However, the parameters
related to the carbon layers were obtained by fitting the NR curves collected under H,O vapor.

Earlier reports demonstrated that the multilamellar structure model provides good fitting results for
NR data [12]. Therefore, the author tested 11 multilayer models (SiO, Carbon, interfacial ionomer, bulk
ionomer including six-lamellae structures on the interfacial ionomer, and skin layers at the ionomer/air
interface). The fitting results using NR data under H>O vapor improved to y> = 6. However, in the present
study, which evaluates the ionomer adsorption layer structure on the carbon surface, the author adopted
four multilayer models to focus the discussion on the purpose. Since y? improves as the number of fitting
parameters increases, it is necessary to define a figure of merit to quantitatively determine the number

of layers in the multilayer models.
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5.3 Results and Discussion
5.3.1 Morphological and Chemical Characterization of Carbon Thin Films

Figures 5.2a and 5.2b present SEM images of Films C and N600, respectively, revealing crack-free
surfaces. The images show carbon particles with diameters of several nanometers, which are consistent
with the primary particle size of carbon black commonly used as a carbon support in catalyst layers [1—
8]. Surface AFM images in Figures 5.2c and 5.2d indicate a slight increase in surface roughness from
Film C to Film N600, suggesting that the NH;3 treatment caused damage to the carbon surface (as
summarized in Table 5.1). Water contact angle measurements (Figure 5.3) demonstrate that Film C
exhibited a hydrophobic nature, which transformed into a hydrophilic nature after NHj3 treatments. The
chemical compositions of the carbon thin films are summarized in Table 5.2, indicating that they
primarily consisted of carbon, oxygen, and nitrogen. The carbon concentration in the thin films ranged
from 86% to 89% atomic%. Film O exhibited a higher oxygen concentration compared to Film C,
attributed to the surface functionalization induced by the HNOjs treatment, which introduced carboxylic,
hydroxyl, and NO, groups. Additionally, the oxygen concentration decreased, and the nitrogen
concentration increased with increasing NHj3 treatment temperature for Films N200—N600. These results

suggest that the NHj3 treatment replaced O functional groups with N functional groups.

Table 5.1 Summary of the analysis parameters in AFM of Film C and Film N600

Sample film R, (nm) Ry (nm) Rumax (nm)
C 0.816 0.650 6.29
N600 0914 0.724 6.84

Table 5.2 XPS-based compositional analysis of surface-modified carbon thin films

Composition (atomic%)?

Sample film

Cls Ols N ls
C 87.8 10.7 1.4
o 86.2 11.9 1.3
N200 88.5 7.6 3.8
N400 88.0 5.1 6.8
N600 86.7 3.3 9.8

aThe quantitative accuracy is two to three significant digits.
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(a)Filmc § (b) Film N600

(C) FilimG =, - -

Figure 5.2 (a, b) Surface SEM images captured by the secondary electron mode and (c, d) tapping-mode
AFM images of carbon thin films. Copyright 2022, American Chemical Society.

(a) Film C (b) Film N600

Figure 5.3 Static water contact angle measurements for carbon thin films: (a) Film C and (b) Film N600.

N 1s
—FimC
Film O
——Film N200
——Film N400
——Film N600

Normalized intensity (a.u.)

412 410 408 406 404 402 400 398 396 394

Binding energy (eV)

Figure 5.4 N 1s XPS profiles of carbon thin films. The dotted line indicates the peak corresponding to
Film C and highlights the peak shifts with increasing NHs-treatment temperature. Copyright 2022,
American Chemical Society.
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The N 1s XPS profiles (Figure 5.4) show that as the NHj; treatment temperature increased, the peak
position shifted towards lower binding energies, indicating a change in the composition of the N
functional groups. The N 1s XPS profiles were further analyzed to categorize the nitrogen concentration
into six N functional groups (Figure 5.6a): graphitic, quaternary, pyrrolic, pyridinic, -NO», and —NO3,
following the study conducted by Ott et al. [2]. The decomposition of the N 1s XPS profiles (Figure 5.5)
and the proportion of each N functional group (Figure 5.6b, Table 5.3) demonstrated that at lower NH3
treatment temperatures, the majority of the N functional groups were pyrrolic, while at higher treatment
temperatures, the proportions of pyridinic and quaternary groups increased. These findings align with
the results reported by Ott et al. [2].

Raman analysis (Figure 5.7) showed distinct peaks in the spectra originating from the Si wafer at 520
and 960 cm™!, along with a broad peak in the range of 1100—-1800 cm™!, attributed to the carbon structure.
The G band at 1500 cm™! represents in-plane vibrations in graphene, while the D band at 1300 cm™
indicates disorders in sp? carbon clusters induced by the NH3 treatment above 400 °C. It is important to
note that carbon thin films have different physicochemical properties compared to amorphous carbon
black commonly used in fuel cells. The D/G ratio, which compares the relative areas of the D and G
bands, is a parameter used to estimate the degree of lattice defects in graphene-like planes. The D/G
ratios of Films C, O, N200, N400, and N600 were 0.42 + 0.01, 0.41 + 0.01, 0.37 £ 0.01, 0.28 + 0.01,
and 0.28 = 0.01, respectively. The significant decrease in the D/G ratio indicated that NH3 treatment at
elevated temperatures (>400 °C) introduced several tens of percent of defects in the framework of a

graphene-like plane.

(a) Film C (b) Film O
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s | —Pyridinic 3| —Pyridinic
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e Raw ¢ Raw * Raw

---- Baseline ----Baseline ---- Baseline
—~| —Fits ~| —Fits —~| —Fits
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Figure 5.5 N 1s XPS profiles of carbon thin films. The spectra were deconvoluted with respect to six
different N species, which are illustrated in Figure 5.6a. Table 5.3 lists the binding energies of all these
species.
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Figure 5.6 (a) Illustration of various N functional groups in a graphene-like plane. (b) Proportions of N

functional groups in carbon thin films; the colors correspond to those in Figure 5.6a. Copyright 2022,

American Chemical Society.

Table 5.3 Binding energies of N species for deconvoluting N 1s XPS profiles

N species Pyridinic ~ Pyrrolic ~ Quaternary  Graphitic -NO» -NO3
Binding energy (eV) 398.3 399.6 401.0 402.8 404.5 405.9
1 1 I 1 1
—Film C

FimoO G band

——Film N200 D band
——Film N400

——Film N60O M
~—_
~_ 1

L

1 1 1
2500 2000 1500 1000 500

Intensity (a.u.)

Raman shift (cm_1)

Figure 5.7 Raman spectra of the carbon thin films. The high-wavelength broad peak originates from the

Si wafer and carbon thin film, respectively. Copyright 2022, American Chemical Society.
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5.3.2 Interfacial Distribution of Ionomer Thin Films on Carbon Surface

Figure 5.8 displays NR curves of the Nafion ionomer thin films obtained at 85% RH. The observed
fringes in the NR curves arise from the interference of reflections at the interfaces within the thin films.
The shape of the fringes at ¢ = 0.055 A~! exhibited variations among Films C, O, and N200-N600,
indicating changes in the interfacial structures related to the ionomer on the N-modified carbon surfaces.
To quantitatively analyze the data, the experimental NR curves were fitted using a structural model
described in Figure 5.1b with the least-square method. First, the NR curves of the thin films obtained
under H>O vapor were analyzed to determine the structural parameters of the carbon and Nafion ionomer
layers, including thickness, SLD, and interfacial roughness. Subsequently, the NR curves collected under
D0 vapor were fitted using the parameters determined from the H>O vapor fits, focusing solely on the
SLDs of the ionomer thin films.

In accordance with existing literature [9, 11-19], an "interfacial layer" (Figure 5.1b) was introduced
on the carbon side of the bulk Nafion ionomer layer. Initially, a water-rich layer on the carbon surface
was considered based on previous reports on SiO>—Nafion and Pt-Nafion interfaces [12, 13, 15-19].
However, this assumption failed to reproduce the NR curves satisfactorily. Therefore, a highly dense

Nafion ionomer layer [9, 11] was considered, leading to an improved goodness of fit (Table 5.4).
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Figure 5.8 Experimental NR data and the corresponding fits (solid lines) of Nafion ionomer thin films
obtained under (a) H,O and (b) DO vapors. The NR curves have been vertically offset (x107!, x1072,
x1073, and x10~* for Films O, N200, N400, and N600, respectively) to aid visualization. Copyright 2022,

American Chemical Society.
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Table 5.4 Summary of fitting parameters.

Carbon layer Interfacial layer Bulk layer
roughness roughness roughness
Film Condition SLD Thickness SLD Thickness SLD Thickness Ve
(nm) (nm) (nm)
(x10™*nm™?) (nm) (x10"cm™) (nm) (x10"cm™) (nm)
In H20
6.36+0.05 53.3£0.5 1.0+0.3 4.51£0.02 2.8+0.2 0.6+0.1 3.78+0.02 31.3£0.2 1.2+0.1 14.6
vapor
C In dry gas 6.36 53.3 1.0 4.33+0.02 2.9+0.1 0.4+0.2 3.62+0.02  28.3x0.2 0.4+0.1 24.8
In D2O
6.36 53.3 1.0 5.07+0.01 2.8 0.6 4.34+0.01 31.3 1.2 21.0
vapor
In H20
6.36+£0.04  54.2+0.5 0.9+0.3 4.50+0.01 2.8+0.2 0.4+0.2 3.77+0.01 32.4+0.2 1.1£0.1 10.2
vapor
(6] In dry gas 6.36 54.2 0.9 4.49+0.02 2.9+0.1 0.4+0.2 3.62+0.01 29.5+0.2 0.4+0.1 15.2
In D2O
6.36 54.2 0.9 5.03+0.01 2.8 0.4 4.36+0.01 32.4 1.1 12.3
vapor
In H20
6.37+0.01 54.5+0.5 0.9+0.3 4.42+0.01 2.8+0.2 0.5+0.1 3.67+0.01 29.1+0.3 1.2+0.1 8.5
vapor
N200  Indry gas 6.37 54.5 0.8 5.09+0.02 342 0.5+0.2 3.37+0.01 26+2 0.3+0.1 15.7
In D2O
6.37 54.5 0.8 4.43+0.01 2.8 0.5 4.09+0.01 29.1 1.2 12.9
vapor
In H20O
6.08+0.01 53.0+£0.5 1.3+£0.3 4.55+0.01 3.1+0.2 0.7+0.1 3.79+0.02 30.1+0.3 1.1£0.1 8.5
vapor
N400  Indry gas 6.08 53.0 1.3 4.08+0.01 2.2+0.5 0.4+0.1 3.65+0.01 28.3+0.3 0.4+0.2 21.2
In D2O
6.08 53.0 1.3 4.61x0.01 3.1 0.7 4.16+0.01 30.1 1.1 15.1
vapor
In H20
5.68+0.05 55.4+0.5 1.4+0.4 4.56+0.01 3.4+0.3 0.6+0.1 3.73+0.01 30.0+£0.3 1.1£0.1 8.0
vapor
N600  Indry gas 5.68 55.4 1.4 4.62+0.03 3.4+0.3 0.5+0.2 3.84+0.01 28.1+0.3 0.3£0.1 20.9
In D2O
5.68 55.4 1.4 4.61x0.01 3.4 0.6 4.13+0.01 30.0 1.1 12.8
vapor

Items without fitting error notations mean that the variables were fixed in the fitting.
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The NR analysis provided SLD profiles for Films C and N600, obtained from the optimal fitting
results (Figure 5.9). These profiles demonstrated a dependence on the vertical distance from the Si
surface, indicating fluctuations in the density and/or composition of the thin films.

At the origin of the vertical axis, the SLD value (2.07 x 10'° cm2) corresponded to Si, indicating the
presence of a Si layer. Additionally, a few nanometers of native SiO; layer were observed on the surface
of the Si layer, with an SLD value of 3.47 x 10! cm™. It was assumed that the structural parameters of
Si and its native oxide layer were identical for all samples. The SLD of the carbon film in Film C, used
as a fitting parameter, matched that of bulk carbon (SLDc = 6.36 x 10'® cm~?). However, upon NH3
treatment, the SLD of the carbon layer in Film N600 decreased to 5.68 x 10'® cm™. This indicates a

change in the density or composition of the carbon film as a result of the NHj treatment.
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Figure 5.9 SLD profiles of the Nafion ionomer thin films on (a) Film C and (b) Film N600 acquired
under H,O (blue) and D>O vapors (red). Copyright 2022, American Chemical Society.

Ratio normalized by Film C values
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Figure 5.10 Comparison of density variation in carbon film samples.
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To validate the reduction in the SLD of the carbon layers after NH3 treatment, the author performed
XRR measurements to determine the density and thickness of the carbon thin films. The XRR data
analysis (Figure 5.10) confirmed the decrease in SLD of Film N600, indicating a change in the density
or composition of the carbon film. When nitrogen atoms are incorporated into a carbon film, the SLD
typically increases due to the larger scattering length of nitrogen compared to carbon. However, in the
case of Film N600, the decrease in SLD suggests the introduction of voids (SLDvy = 0 cm2) in the carbon
thin films. This corresponds to the formation of approximately 10% voids by volume fraction. The
presence of these voids can explain the decrease in SLDs. The SEM and AFM observations (Figure 5.2)
confirmed the absence of cracks on the carbon surface, indicating that the voids were not caused by
cracks. The degree of lattice defects estimated using Raman spectroscopy was roughly consistent with
the decrease in density revealed by XRR and NR analysis (Figure 5.10). Therefore, the decrease in SLD
of the carbon layer in Film N600 can be attributed to the presence of lattice defects in the graphene-like
plane of the carbon layer. The water contact angle measurements (Figure 5.3) showed a transition from
hydrophobic to hydrophilic nature after the NHj3 treatment. This change indicates the presence of open
hydrophilic pores on the carbon surface, which can be filled with water driven by capillary forces.
However, there were no significant changes in the critical angle of NR profiles, suggesting that the SLD
of the carbon layers was not affected by water filling into the hydrophilic voids. The lattice defects, such
as point defects, edge defects, and structural distortions, identified by Raman spectroscopy are likely to
be too small to be filled with water, further supporting the explanation for the decrease in SLD.

To examine the water distribution in the thin films, the volume fraction of water ¢w was determined
using the double-contrast method. By substituting D>O for H>O, the SLDs of the ionomer layers
increased due to the difference in SLDs between the water incorporated by the layers. Figure 5.11
displays the SLD profiles and volume fractions of the Nafion ionomer thin films as a function of vertical
distance from the carbon surface, and Table 5.5 summarizes the corresponding parameters. For all
samples, the SLDx ranged from 3.95 x 10'% to 4.17 x 10'° cm2, which was within +5% of the molecular
volume (0.79 nm?®) in Nafion ionomer. The volume fraction of carbon near the carbon surface decreased
over several nanometers of vertical distance due to surface roughness, and this decay became slightly
more pronounced from Films C to N600 as a result of damage caused by the NH3 treatment. At the
carbon-ionomer interface, an "ionomer adsorption layer" appeared with an increased ¢n compared to the
bulk ionomer layer (visible as red profiles at the interface in Figures 5.11f—j). The hydrophobic carbon
surface (Film C) had a thin (~1 nm) ionomer adsorption layer, while the hydrophilic carbon surface
(Film O) showed a significantly reduced adsorption layer. This difference can be attributed to the
adsorption of the ionomer backbone, which exists as rod-shaped aggregates in the bulk, onto the
hydrophobic carbon surface following the rupture of the aggregates by hydrophobic interactions.
Furthermore, the thickness and volume fraction of the ionomer in the adsorption layer increased after
the NH3 treatment (Films N200-N600) compared to Films C and O. However, instead of a dense ~3 nm
ionomer layer observed in Films N200-N600, a decrease in ¢w at the interface was observed compared

to Films C and O (Table 5.5). The carbon-ionomer interface visually confirmed the loss of water (Figure
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5.11c—e), indicating a decrease in water content not only at the interface but also throughout the films.
In order to compare the findings with the data presented in specific review articles [20, 21], the ¢w at
the bulk and interfacial layers was converted to water uptake using a parameter known as Aw, which
represents the number of water molecules per sulfonic group of the ionomer. The swelling ratio (4L/Lo)
was calculated by considering the total thickness of the bulk and interfacial layers in the dry/wet ionomer
films, which was estimated based on the fitted NR profiles. The physicochemical properties are
summarized in Table 5.5. Compared to the Aw value of a bulk Nafion membrane [20] (typically 10-15
at 22 °C), Nafion films with a thickness less than 100 nm exhibit lower Aw values due to the presence of
a "thin-film effect." Previous studies have reported Aw values ranging from 1.8 to 3.2 at 20-25 °C and
75% RH for ionomer thin films with a thickness of 30 nm [22]. Additionally, the thin-film effect has
been observed in terms of swelling thickness, and the results obtained in this study align reasonably well
with those reported in previous research [20]. The NR measurements indicate that the water uptake
properties deteriorated after NH3 treatment, particularly in the interfacial layer (as shown in Table 5.5).
This observation suggests that the use of N-modified carbon in the cathode catalyst layers may lead to

a reduction in fuel cell performance under low-humidity conditions due to the decreased water uptake.
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Figure 5.11 (a—e) SLD profiles of Nafion ionomer thin films as a function of vertical distance from the
carbon surface z obtained under H,O (blue) and D,O vapors (red). (f-j) Volume fractions of the

components of the Nafion ionomer thin films. Gray, red, blue, and light blue lines represent carbon, the

Nafion ionomer, water, and air, respectively. Copyright 2022, American Chemical Society.

Table 5.5 Physicochemical properties of Nafion ionomer thin films on carbon surfaces.

Film Layer ow (-)? Aw (-)? AL/Lo (%)?
Bulk 0.08 £0.02 23+0.1
C 9.6+0.1
Interface 0.08 £0.02 23+0.1
Bulk 0.09 £0.02 25+0.1
(@) 9.0+0.1
Interface 0.08 £0.02 22+0.1
Bulk 0.06 £0.02 1.7+0.1
N200 6.6+0.7
Interface 0.001 £0.001 0.04 £0.02
Bulk 0.05+0.02 1.5+0.1
N400 8.4+0.2
Interface 0.009 £ 0.002 0.23+0.01
Bulk 0.06 +£0.01 1.6 +0.1
N600 7.1+0.2
Interface 0.006 £ 0.002 0.17+0.01

2The + is defined as the error propagation calculated to account for errors in the parameters determined

by the fitting of NR profiles. ¢w, Aw, and AL/Lo represent the volume fraction of water, water uptake,

and swelling ratio, respectively.
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5.3.3 The Origin of Interactions Between Ionomer and Carbon

The wettability of the carbon surface plays a crucial role in determining the morphology of the ionomer
adsorption layer, and N-modified carbon surfaces exhibit hydrophilic characteristics [22, 23]. In wet
ionomer thin films, a water-rich layer is observed near the hydrophilic carbon surface treated with
ultraviolet irradiation [9]. It is important to note that previous studies have predicted and measured the
densification of ionomer at the Pt-Nafion interface [10, 24, 25]. Yang et al. [26] reported variations in
the {-potential of carbon black, ranging from —1.28 to +74.2 mV, when N functional groups were
introduced to the carbon support. The positive charge resulting from the ionization of the quaternary N
group is sufficient to attract the negatively charged SO~ groups in the side chains of the Nafion ionomers.
This Coulombic interaction enables the positively ionized surface to attract the negatively charged SO*-
groups. On as-deposited carbon surfaces, the main chain of the Nafion ionomer adsorbs onto the
hydrophobic carbon surface through hydrophobic interactions [22, 27, 28], resulting in the formation of
a thin ionomer adsorption layer. However, in the case of N-modified carbon surfaces, the SO*~ groups
in the side chains of the Nafion ionomers bind to the positively charged surface created by the N
functional groups via the Coulombic interaction. As a result, a thick and dense ionomer adsorption layer

form at the carbon surface due to the long-range Coulombic interaction.
5.4 Conclusion

The chapter describes a study conducted on carbon surfaces modified with nitrogen through NHs
treatment. The aim of the study was to investigate the distribution of ionomer on these modified surfaces
using NR with the double-contrast method. The results supported the idea that introducing nitrogen to
the carbon supports can promote to the formation of a dense ionomer layer at the interface with carbon
surfaces. Specifically, a Nafion ionomer adsorption layer, approximately 3 nm thick, was observed on
the N-modified carbon surface. This layer exhibited a higher density compared to the bulk layer. The
strong interaction between carbon and ionomers may contribute to the suppression of ionomer poisoning

on the Pt surface and the reduction of the concentration overpotential.
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Chapter 6

Effect of Compression on Structures and Properties of GDLs

6.1 Introduction

The primary functions of GDLs are to enhance high electron and thermal conductivity, deliver reactant
gases from the flow field to the catalyst-coated membrane, and remove water from the PEFC.
Determining the appropriate compression pressure during cell assembly is crucial for achieving optimal
cell performance [1-3]. Compression pressure plays a role in balancing the ohmic and concentration
overpotentials. Higher compression pressure increases the conductive pathways at the interface, thereby
promoting electron transfer [4-6]. However, increasing compression pressure decreases GDL porosity
and mass transport efficiency [1, 2]. Typically, compression pressures of 0.5-2 MPa are applied to the
cell assembly, resulting in 10—40% compression based on the initial thickness. Under these compression
conditions, the bulk porosity of GDL substrates is 50-70%. In the case of MPLs, compression pressure
causes thickness reduction [7]. However, the pore morphologies of MPLs have not been adequately
evaluated using X-ray micro-CT (X-puCT) due to its limited spatial resolution (1 pum) in analyzing
micropores within MPLs (~100 nm). Analytical techniques such as X-ray nano-CT (X-nCT) with a
nanoscale spatial resolution [8, 9] and focused ion beam scanning electron microscopy (FIB-SEM) [8]
are suitable for analyzing these micropores but have been limited to uncompressed MPLs. To overcome
this limitation, this chapter presents a method for analyzing the pore size distribution of compressed
GDLs using mercury intrusion porosimetry with a compression device. It is stated that the combination
of X-puCT with mercury intrusion porosimetry provides insight into the multiscale pore morphologies of

compressed GDLs.
6.2 Experimental
6.2.1 Materials

This study used a commercial GDL (Sigracet 29BC, SGL Carbon) with a thickness of 235 + 20 pm and
containing 5 wt% PTFE. The catalyst-coated membrane (CCM) was prepared using commercial Pt
nanoparticles supported on carbon black (TEC10E50E, Tanaka Kikinzoku Kogyo), Nafion dispersion
(D2020, Chemours), and Nafion electrolyte membrane (NR211, Chemours). A catalyst ink consisting of
a catalyst, Nafion dispersion, and a mixture of ethanol and deionized water was applied onto a decal
sheet using an applicator. The CL was then dried and hot-pressed at 145 °C for 10 minutes on both sides
of the membrane. The weight ratio of Nafion to the carbon support was 0.75, and the Pt loading of the

CL was 0.3 mg cm™.
6.2.2 Fuel Cell Tests
For the fuel cell setup, a single cell (1 cm?) with straight channels was used, where the channel width
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and rib width were 0.4 mm and 0.2 mm, respectively. The anode and cathode flow fields were configured
in a cross-flow arrangement. The compression of the GDL was adjusted by controlling the gasket

thickness (Figure 6.1a). The compression level C was calculated:

Co (depL ini — dgasket) , (6.1)
dGpL ini

where dgasket is the thickness of the gasket and dgpr-ini is the initial thickness of GDLs.

The break-in and polarization tests were performed using a constant flow of air/H, (2000/500 sccm)
under a backpressure of 50 kPa for both the cathode and anode. The break-in test involved sweeping the
cell voltage between 0 and 1.0 V at a scan rate of 10 mV s™!, repeated 50 times at 80 °C with 100% RH.
The oxygen transport resistance was evaluated using the limiting current method. The limiting current
was measured with diluted O, in N> gas and excess H; at 60 °C and 80% RH. The gases were introduced
into the cell at flow rates of 500 sccm for H, and 200 scem for 1% O» under back pressures of 50, 100,
150, and 200 kPa on both the cathode and anode. The polarization curves were measured by sweeping
the cell voltage between 0.08 and 1.0 V at a scan rate of 10 mV s~!. The largest current in the polarization
curve was assigned to the limiting current density. The oxygen transport resistance Rexp was calculated
using the equation:

R 4FP,,
eXP . RT’

(6.2)

where Jiim is the limiting current density, Poa is the oxygen partial pressure, F' is Faraday's constant, R is
the gas constant, and 7 is the cell temperature. In the context of oxygen transport resistance, the equation

that describes the components of Reyp is given as follows:
Rexp = PapsRmole T Rother » (6.3)

where P represents the total backpressure, Rmol corresponds to the pressure-dependent resistance caused
by molecular diffusion, and Romer represents the pressure-independent resistance resulting from Knudsen

diffusion within the CL.
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Figure 6.1 (a) Configuration for 1 cm? single cell. (b) Photograph of a compression device for mercury

intrusion porosimetry measurements. (¢) Setup for X-pCT measurements. Copyright 2020, Elsevier.

6.2.3 Pore Characterization

The total porosity of uncompressed GDLs was determined by filling the pores of a pre-weighed GDL
with a hard-to-evaporate liquid (Silwick, PMI) and measuring the weight change. The total porosity
ecpL _ini Was calculated using the formula:

M —m)

EGDLini = 5 (6.4)
where p is the density of the immersed liquid, V is the volume of the pre-weighed GDL, m is the weight
of the pre-weighed GDL, and M is the weight of the immersed GDL, respectively. A piece of GDLs (3
x 3 ¢cm?) was used for the measurements, and replicate measurements were performed three times.

The pore size distribution analysis of compressed GDLs was conducted using mercury intrusion
porosimetry (PoreMaster 60GT, Quantachrome Instruments). GDL samples with a diameter of 7 mm
were punched out using a compression device (Figure 6.1b) and placed in the sample chamber for
analysis. The compression device consisted of a cylinder and spacers, with the GDL samples sandwiched
between the spacers and fixed inside the cylinder using an adhesive. The cylinder had a 2 mm wide slit
through which mercury was introduced. The compression levels tested were 0%, 8.6%, 23.6%, and
38.6%, which were achieved by adjusting the length of the spacers.

X-uCT experiments were carried out at the Toyota Beamline (BL33XU) at SPring-8. A total of eight
stacked GDL samples with a diameter of 4 mm were placed in an acrylic pipe on a stage (Figure 6.1c).
A compression cell equipped with a screw and spacers was utilized to compress the sample, and the
compression level was adjusted by tightening the screw. A stainless ball was placed between the screw

and the spacer. X-uCT images were acquired at compression levels of 0%, 9.8%, 17.3%, 25.4%, and
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35.8%. A total of 1800 projections were measured using an X-ray energy of 14 keV, and the field of
view was fixed at 4.8 x 2.6 mm?. Tomographic reconstruction was performed using software provided
by JASRI [10], and the segmented CT image was analyzed using Fiji software (ImageJ) [11]. The pore
size distribution and effective diffusivity were evaluated using the SatuDict and DiffuDict modules in

Geodict software [12].
6.3 Results and Discussion
6.3.1 Fuel Cell Performance with Varied GDL Compression

Figure 6.2a illustrates the polarization curves obtained at different compression conditions (17.4%,
31.1%, and 40.4%) at 60 °C and 80% RH. It was observed that the cell performances remained
unaffected at lower current densities, maintaining a voltage of 0.85 V within the compression range.
However, as the compression increased, there was a significant decline in cell performance at higher
current densities. The Rexp increased from 57.8 to 66.4 s m™! across the compression range (Figure 6.2b).
This observation is consistent with a previous study [3], which suggests that alterations in the pore
structures of the GDL are responsible for this trend. The subsequent section provides a detailed

discussion of these morphological changes.
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Figure 6.2 (a) Polarization curves for three compressed conditions (17.4, 31.1, and 40.4%). The fuel cell
test was operating at 60 °C and 80% RH. (b) The oxygen transport resistance Rexp under each

compression condition. Copyright 2020, Elsevier.
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6.3.2 Pore Characterization of Compressed GDLs

The pore size distribution of compressed GDLs was analyzed using mercury intrusion porosimetry with
a designed compression device. The presence of voids in the device, as shown in Figure 6.3, did not
affect the evaluation of pore distribution in the GDLs, as these voids were larger than the pores in the
GDLs. Figure 6.4a displays the pore size distribution of compressed GDLs at different compression
levels. At zero compression, discrete ranges of pores were observed in both the fibrous substrate (29.2
pm) and the MPL (90 nm). As the compression increased, the peak corresponding to macropores in the
substrate shifted to the left, indicating a reduction in the average pore diameter from 29.2 um (0%) to
2.7 um (38.6%). The average pore diameter of the micropores within the MPL remained unchanged with
compression. It is worth noting that the measurements were reproducible, and there was no structural
deformation caused by mercury intrusion, as confirmed in Figure 6.5. Figure 6.4b presents the pore size
distribution of the compressed GDL obtained from reconstructed three-dimensional X-uCT images. The
low spatial resolution (1.3 pm) limited the study of micropores within MPLs. As compression was
applied, the average pore diameter of macropores in the substrate decreased from 40.3 pm (0%) to 9.1
pum (35.8%). These values are consistent with a previous study (0%: 34.9 um, 34%: 11.4 um, and 41%:
9.67 um) [7] and align with the results of mercury intrusion porosimetry. Figure 6.4c shows the volume
of'the total and individual components (total/void/MPL/substrate). The volume of the substrate remained
almost constant, indicating its rigid nature. However, the volume of the void decreased monotonically
across the compression range. Additionally, the volume of the MPL remained constant until 17.3%
compression and then decreased further to 25.4%. The reduction in MPL volume can be attributed to the
compression of invisible voids within the MPL under applied pressure, which is supported by the results

of mercury intrusion porosimetry measurements (Figure 6.4a).
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Figure 6.3 Pore size distribution of an empty cell with a compression device measured by mercury

intrusion porosimetry.
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Figure 6.6 The average pore diameters of the macro-pores within the fibrous substrate as a function of
compression. Red circles and blue squares is the results of mercury intrusion porosimetry and X-uCT,

respectively.
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6.3.3 Effective Diffusivity and Its Effect on Fuel Cell Performance

The local effective diffusion coefficient of oxygen in each component of GDLs (Des(x) is 0, Dy, and
Desr mpL at x = substrate, void, and MPL, respectively). Here, Du represents the oxygen molar diffusion
coefficient in nitrogen. The value of Dy at 60 °C and 1.5 atm was 1.68 x 10~ m? s™! using the Chapman-

Enskog equation [13]. Defr mpL can be approximated using the Bosanquet equation [14]:

-1 €MPL

Defs mpL = (DM_1 + DKn_l) (6.5)

TMpL
Here, empr. and et represent the tortuosity and porosity of MPLs, and Dk, corresponds to the Knudsen

diffusion coefficient:

Dyxn = —, 6.6
Kn 3 ( )
where d and v denote the pore diameter of MPLs and the average oxygen velocity. In this study, the
value of v was 470 m s7!, and d was fixed at 9.0 x 10® m, derived from mercury intrusion porosimetry

experiments (Figure 6.4a). By applying the Bruggeman relationship [15], Defr mpL can be rewritten as

_ {71
Dete mpL = (DM '+ Dn 1) empL™® . (6.7)

All invisible voids observed in X-uCT measurements exist within the MPL empr ini can be

approximated as:

_ WompLini _ (épLiniVGDL ini — W_ini)
)

EMPL_ini = (6.8)

VmpLini VMPL ini
where VmpL ini, v MPL ini, VGDL ini, and Vv ini represent the initial volume of the MPL, voids within the
MPL, GDL, and total voids, respectively. Here, ecpL ini was 0.748 from pore-filling experiments. The

porosity of compressed MPLs empr_comp can be expressed as

B {VMpL_comp — (1 — &mpL, ini)VMPL ini}

EMPL_comp = v . (6.9)
MPL_comp

Here, V'mpL_comp denotes the volume of compressed MPLs. Thus, the porosity of MPLs can be calculated
for each compression condition.

The effective diffusivity of oxygen in compressed GDLs Detr gpL Was calculated using the Geodict
software based on segmented X-uCT images. For a detailed explanation, refer to Becker et al. [16].

Detr gpL can be converted to the calculated oxygen transport resistance Rca as follows:

_ dGDL_comp

Rcal - ’ (6- 10)

Detf oL
where dopL comp represents the thickness of the compressed GDL, which is equal to dgasker in fuel cell
testing (Figure 6.1a). The compression corresponding to the fuel cell testing was estimated using linear
interpolation (Figure 6.7). Figure 6.8 compares the experimental and calculated values of oxygen
transport resistance. The guideline represents cases where the calculated value matches the experimental
value, while plots below the guideline indicate underestimation in the calculated values. In all three
conditions, the plots are located below the guideline, indicating that the calculated values underestimate
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the experimental values. This underestimation is attributed to the inclusion of Romer, Which represents
the Knudsen diffusion resistance at the CL. The modified calculated oxygen transport resistance (Rcal' =
Rcal + Romer) Was plotted in the figure. The agreement between calculated and experimental values

indicates that the proposed method is suitable for calculating the oxygen transport resistance in a

compressed GDL.
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Figure 6.7 Defr gpL as a function of compression level. Copyright 2020, Elsevier.
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6.4 Conclusion

This chapter focused on investigating the impact of compression on the pore morphologies of GDLs and
its subsequent effects on fuel cell performance. It was observed that high compression levels of GDLs
led to increased oxygen transport resistance and reduced cell performance, particularly at high current
densities. To examine the changes in pore morphologies, the author employed mercury intrusion
porosimetry combined with a compression device and synchrotron X-uCT. Mercury intrusion
porosimetry allowed for the observation of the reduction in the average pore diameter of macropores
within the fibrous substrate of the GDL upon compression. The micropores (90 nm) within the MPL
remained unchanged even under applied pressures up to 38.6%. Furthermore, the author calculated the
oxygen transport resistance using structural parameters obtained from the combination of mercury
intrusion porosimetry and X-puCT experiments on the compressed GDL. The calculated oxygen transport
resistance agreed with the experimental values obtained through fuel cell tests. Results show that the
structural parameters of the fibrous substrate and MPL in the compressed GDL provide valuable

information for evaluating the oxygen transport resistance.
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Chapter 7

Gas Transport Properties of Partially Saturated GDLs

7.1 Introduction

In order to design the physical properties of wet GDLs, it is crucial to directly evaluate the oxygen
transport resistance in PEFCs at wet conditions. Various evaluation methods have been proposed to
assess gas transport properties, depending on the specific application [1-14]. An electrochemical
approach using limiting currents has been widely employed to measure the gas transport resistance of
GDLs, as it must align with other properties of the PEFC component, such as mechanical strength,
electrical conductivity, and water removal capacity. However, the obtained gas transport resistance
encompasses contributions from the entire PEFC component, requiring experimental separation.
Limiting current measurement with gas pressure control has been extensively used to determine the
molecular diffusion resistance of GDLs [10]. Additionally, limiting current measurement as a function
of GDL thickness (i.e., the number of stacked GDL sheets) has been employed to isolate the gas transport
resistance of GDLs [12]. Direct measurements offer an alternative approach to studying the oxygen
transport properties of GDLs. Classical Wicke-Kallenbach cells [1-3] or Loschmidt-type cells [4, 5]
have been widely used to evaluate the gas diffusivity of GDLs. Utaka et al. proposed a method to
measure the through-plane effective diffusion coefficient in GDLs using a galvanic oxygen sensor [6,
71. Recently, Gostick et al. developed an experimental method to measure the in-plane effective diffusion
coefficient in GDLs using an optical oxygen sensor [8, 9]. The authors' work introduced a simple method
to evaluate the through-plane effective diffusion coefficient in dry GDLs using an infrared carbon
dioxide sensor [13, 14]. Only a few studies have compared the gas diffusivity in dry GDLs obtained by
different evaluation methods, and none have been conducted for partially wet GDLs. This is primarily
due to concerns regarding potential variations in results due to differences in humidification conditions
between different experimental setups or environments. In this chapter, the author introduces an
examination of the oxygen transport resistance of GDLs employing three distinct approaches: (i) direct
measurements using the Wicke-Kallenbach-type cell, limiting current measurements using a fuel cell
setup, focusing on the dependence of (ii) gas pressure and (iii) GDL thickness. An intriguing aspect of
this study is that all three evaluation methods shared the same cell and gas line configuration for
acquiring gas transport properties. This approach allowed us to carefully analyze and compare the
experimental results obtained from the three methods, eliminating the influence of discrepancies arising

from the measurement environment.
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7.2 Experimental
7.2.1 Materials

A nonwoven carbon paper with a thickness of 215 + 20 um and containing 5 wt % PTFE (Sigracet 22BB,
SGL) was used as received. This commercial GDL had a MPL on one side. A slurry for CLs was prepared
by ultrasonication of a mixture consisting of 7.4 wt % commercial Pt catalyst supported on carbon black
(TEC10ES0E, Tanaka Kikinzoku Kogyo), 14.1 wt % Nafion ionomer dispersion (D2020, Chemours),
and 78.5 wt % ethanol/ultrapure water mixture as a dispersant. The nonvolatile content in the slurry was
10 wt %, and the water/alcohol ratio in the dispersant was 70/30 wt %. The weight ratio of Nafion
ionomer to carbon support was 0.76. The viscous slurry was applied to a PTFE decal sheet using an
applicator, dried at 25 °C, and then annealed at 80 °C for 1 hour. The CL was subsequently hot-pressed
onto both sides of a Nafion membrane (NR211, Chemours) at 120 °C for 10 minutes. The Pt loading in
the cathode CL was 0.12 mgp cm™2.

7.2.2 Synchrotron X-uCT

Synchrotron X-uCT experiments were conducted at Toyota Beamline (BL33XU) of the SPring-8 facility
to study the morphologies of GDL sheets with a diameter of 5 mm. An X-ray energy used was 20 keV,
and the pixel size was 1.3 um. An offset scan was performed using the on-the-fly method with 3600
projections during a 360° continuous rotation. Tomographic reconstruction was carried out using
software provided by JASRI [15], and segmentation and analysis were conducted using ImagelJ [16] and

GeoDict [17].
7.2.3 Mercury Intrusion Porosimetry

The pore size distribution of GDLs was studied using mercury intrusion porosimetry (PoreMaster 60GT,
Quantachrome Instruments). In-house equipment was used to study the pore morphologies of GDLs

under a 15% compression ratio. Further details about the compression device is described in Chapter 6.
7.2.4 Direct Measurements of Oxygen Transport Properties

The effective diffusion coefficients of oxygen in GDLs were determined by measuring the mutual
diffusion resistance of oxygen and nitrogen using the Wicke-Kallenbach type cell. Figure 7.1 provides
an illustration of the experimental setup and the cell configuration. The experimental setup involved
passing a flow of synthetic air (containing 20.999% O>) and pure nitrogen at ambient pressure alternately
over the diffusion cell. The diffusion cell consisted of GDLs with an effective diffusion area of 1 cm?,
which were sandwiched between parallel flow fields with straight channels. The channel width was 0.4
mm, and the rib width was 0.2 mm.

The diffusion flux of oxygen Jo> along the through-plane direction (z-axis) of GDLs was determined
by measuring the outlet gas concentrations at both sides (Coutlet(ain,_o2 and CoutlerN2)_02) using galvanic

oxygen sensors (JKO-25LID3, JIKCO). Under steady-state conditions, Jo> is described by
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dCo
Jo, = —Deff—dz2 ) (7.1)

where Co» is the oxygen molar concentration. The diffusion flux can also be expressed as

Coutlet(N) v
Jo, = _Deff—A o2 (7.2)

where v is the outlet volumetric flow rate at the nitrogen side, and A4 is the effective area for diffusion.
The oxygen molar fraction gradient is given by the logarithmic mean gradient ACo2 and the GDL

thickness L:

dc AC
220 _ 70z (7.3)
dz L
The effective oxygen diffusion coefficient is calculated as
Deff _ Cinlet(air)_OzvairL (7‘4)

AAC,

In order to validate the measurement system, the flow rates and GDL thicknesses were controlled.
The standard cell configuration involved using two GDL sheets with a compression ratio of 15 £ 1%
based on their initial thickness. The gas line can be switched to humidification using a bubbler installed
upstream of the gas lines. The differential pressure in the system was monitored, ensuring that it
remained below the limit of the differential pressure indicator (<1 Pa). Fine-tuning of the nitrogen flow
rate was performed to control the differential pressure and prevent the permeate gas flow from being

driven by the differential pressure.

Wicke-Kallenbach type diffusion cell

‘MFC MBubblerm FM F GOS

i

Gasket GDL Gasket

‘ MFC }'ﬁBubbler}:ﬁ FM ’“ GOs

(b)

Gas Flow Field

M-M

S ir—— Flow Field

Figure 7.1 (a) Experimental setup for direct measurements of oxygen transport properties: mass flow
controller, flow meter, differential pressure indicator, galvanic oxygen sensor, and gas diffusion layer
are abbreviated as MFC, FM, DPI, GOS, and GDL, respectively. (b) Configuration of the Wicke-
Kallenbach type cocurrent diffusion cell. Copyright 2023, American Chemical Society.
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7.2.5 Oxygen Transport Properties Using Limiting Current Approach

Limiting currents were measured using a 1 cm? single cell with straight channels in a crossflow
configuration (Figure 7.2). The cell had a CCM stacked between the GDLs. The GDL compression ratio
was 15 £+ 1%, which was the same as for the direct measurements. For break-in, the cell was set at 60 °C
and 100% RH under a constant flow of 2.0 L min™" air and 0.5 L min™' H» at 50 kPa gauge pressure for
the cathode and anode. The cell voltage was swept 100 times between 0 and 1.0 V at a scan rate of 100
mV s7!. Polarization curves for acquiring limiting currents were collected at different temperature and
RHs, with gauge pressures of 0, 50, 100, and 150 kPa, under a gas flow of 2.0 L min™' 1% O, and 0.5 L
min~! 10% H> for the cathode and anode, respectively. The cell voltage was swept three times between
0.08 and 1.0 V at a scan rate of 10 mV s™'. The maximum current in the third scan was determined as
the limiting current density /im. The total oxygen transport resistance Rr is calculated as follows:
4FP,
Rr = IlimI;YZ"

(1.5)

where Po; is the oxygen partial pressure, F' is Faraday's constant, R is the gas constant, and T is the cell

temperature. The total gas transport resistance is further expressed as
Rt = PapsRmole + Rother » (7.6)

where Paps is the absolute pressure, Rmole is the pressure-dependent resistance induced by molecular
diffusion, and Romer is the pressure-independent resistance. The gas transport resistance of GDLs RgpL
is primarily attributed to Rmole, While the gas transport resistance of CLs Rcr. is primarily attributed to
Romer. To investigate the dependence of Rt on the GDL thickness, the number of GDL sheets was varied.

The gas transport resistance is separated into two components as
RT = RCL + NRGDL ) (77)

where N is the number of cathode GDL sheets. It should be noted that this separation neglects the

influence of molecular diffusion resistance due to the flow field and the gaps between GDLs.

Gas Flowfield
—> ]

Catalyst coated membrane

L L L LI LLLLLILLLLL L1111
G%s Flow field

Figure 7.2 Single-cell configuration for limiting current measurements. Copyright 2023, American

Chemical Society.
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7.3 Results and Discussion
7.3.1 Morphologies of GDLs

Figure 7.3a presents an X-uCT image of a GDL sample, where the fibrous substrate appears as black
and the MPL as gray. The transparent areas represent pores within the sample. Although the MPL layer
fully covers the substrate, it exhibits cracks. In Figure 7.3b, a cross-sectional X-uCT image shows cracks
extending through the MPL and an indistinct interface between the MPL and substrate, which is known
as the MPL intrusion layer. Figure 7.3c displays the volume fractions of the MPL, substrate, and pores
in the GDL along the through-plane direction. It is important to note that the resolution of the X-uCT
measurements (1.3 um) was insufficient for identifying nanoscale pores in the MPL. Consequently, the
volume fraction of the MPL was overestimated as MPL pores were counted as MPL solids [10]. The
MPL volume fraction exhibited a broad peak in volume fraction with a maximum value of 0.9, indicating
an uneven surface and approximately 10% volume fraction of cracks. The substrate volume fraction
showed an inhomogeneous distribution along the through-plane direction, suggesting nonuniformity in
carbon fiber and binder distribution within the GDL [10, 13]. Assuming a volume ratio of 0.3-0.7 for
the MPL intrusion layer (MPL / (MPL + substrate)), the thickness of MPL intrusion layer was 33 um.
When considering the intersection of MPL and pore volume fractions on the MPL surface as the top of
the MPL surface, the total MPL thickness, including the MPL intrusion layer, was approximately 85 um.
Since the MPL intrusion layer accounted for approximately 40% of the total thickness, the presence and
impact of the MPL intrusion layer on the concentration overpotential have been extensively debated
[18-21]. Figure 7.4a presents the pore size distribution of GDLs, showing three characteristic peaks:
substrate pores (>10 pm), MPL-intruded substrate pores (approximately 1 pm), and MPL pores
(approximately 0.1 pm). Under a compression ratio of 15%, the diameter of substrate pores and the
volume of MPL-intruded substrate pores decreased. Figure 7.4b shows the porosity of GDLs normalized
to the cumulative pore volume using the total sample volume. The total GDL porosity was 0.77 in the

uncompressed state and decreased to 0.71 at a compression rat io of 15%.
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Figure 7.3 (a) Three-dimensional and (b) cross-sectional X-puCT images of a GDL. (¢) Through-plane
volume fractions of the MPL, substrate, and pore in the GDL. Copyright 2023, American Chemical
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Figure 7.4 (a) Pore size distribution and (b) porosity of GDLs measured by mercury intrusion
porosimetry. Pore diameter and volume are denoted as D and V, respectively. Copyright 2023, American

Chemical Society.
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7.3.2 Direct Measurements of Oxygen Transport Properties

The film resistance on the sample or inadequate gas mixing in the Wicke-Kallenbach type cell hinders
the appropriate evaluation of gas diffusivity [22]. In Figure 7.5a, the effective diffusivity Desr is plotted
against the volumetric flow rate, with dashed lines representing the bulk diffusion coefficient Dy at
30 °C (2.11x1073 m? s7") calculated using the Chapman-Enskog equation. The plot of dry Des shows no
dependence on the volumetric flow rates, indicating homogeneous gas mixing and the absence of
external transport limitations through a boundary layer above the GDL surface. This suggests that the
film resistance on the sample or insufficient gas mixing in the measurement cell did not affect the
evaluation of gas diffusivity. The influence of GDL thickness on dry D.sr was investigated by stacking
multiple GDL sheets (Figure 7.5b). The error bars represent the standard deviation of experimental
results for volumetric flow rates between 50 and 100 mL min'. As the number of GDL sheets increased,
dry Defr remained almost constant. This indicates that the GDLs mainly governed the oxygen transport
resistance, and even two GDL sheets were sufficient to supply oxygen under the ribs of the flow field.
Direct measurements revealed that dry Des at 30 °C was (3.8 £0.1) x107° m? s7!, corresponding to a gas
diffusivity of 0.18 + 0.01. The value of y (Der/ Dvui = €"), which is a parameter indicating gas diffusion
performance related to the porosity (¢), was approximately 5 for the GDL in the through-plane direction,
considering the measured porosity (0.71) and gas diffusivity (0.18). This value differs from previous
studies, which reported y = 4 for carbon paper and stand-alone MPL [3]. The pore structure of the MPL
intrusion layer in GDLs likely influences the decrease in gas diffusion performance, which was not

considered in the previous work.

o 3 -~ 3
b (a) 30°C,dry | (b) 30 °C, dry
o 2_ ______________________ N 2_ ______________________
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Figure 7.5 Dry Deir as a plot of the (a) flow rate v and (b) number of GDL sheets N. The dashed lines
represent Dpyik at 30 °C. The error bars in (b) are the standard deviation of measurements in 50-100 mL

min~!. Copyright 2023, American Chemical Society.
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Figure 7.6a displays dry Deg plotted as a function of cell temperature. As the cell temperature increased,
dry D.ir also increased. However, the gas diffusivity, calculated from dry Defr, remained almost constant,
indicating that the structural parameters in the GDLs did not change with temperature. Figure 7.6b shows
the RH dependence of wet Dcsr at a cell temperature of 60 °C. As the RH increased, wet D.s decreased
and reached approximately 31 + 1% of the dry D at 100% RH. According to the Wilke equation, the
bulk diffusion coefficient of oxygen in a nitrogen-vapor mixture is higher than that of nitrogen,
suggesting that wet D should increase in the presence of vapor. However, the experimental results did
not align with this estimation. In order to explain this discrepancy, the effect of water condensation was

considered based on the following equation [23]:

Detwety = Desraryy(1 — $)*, (7.8)

where S represents the water saturation level and 1 is the empirical parameter. Assuming that the decrease
in wet Degr is solely attributed to water accumulation in the GDL, the water saturation level of
approximately 0.45 = 0.01 was estimated at 100% RH when A was 2 for the through-plane direction [23].
The reduction in wet D.sr was observed even at 40% RH, corresponding to the water saturation level of
8 + 4%, suggesting the presence of condensate that could not be completely prevented at a locally cooled

position in the gas line, as vapor is unlikely to condense below the dew point inside the cell.
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Figure 7.6 Derr as a plot of the (a) cell temperature T and (b) relative humidity RH. Copyright 2023,

American Chemical Society.
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7.3.3 Limiting Current Measurements

Figure 7.7a presents polarization curves at 1% O under different gas pressures, showing that the limiting
currents vary with gas pressure. In Figure 7.7b, polarization curves are displayed for different numbers
of GDL sheets. The limiting currents change with the number of GDL sheets, and these can be converted
to total resistance Rt. The relationship between Rt and the number of GDL sheets is displayed in Figures
7.7d and 7.7e, where the dashed lines represent linear function fits to the data. The intercept with the
vertical axis represents the resistance of the catalyst layer RcL, and the slope of the line represents the
resistance of the GDL sheet Rgpr. Figure 7.7f demonstrates the relationship between Rt and the RH
sensitivity at a cell temperature of 60 °C. It is observed that an increase in Rt occurs below 60% RH. In
Figure 7.7¢c, a significant voltage drop at low RH conditions is revealed, leading to an overestimation of
Rt (Figure 7.7f). Two factors contribute to this voltage drop. First, there is an increase in proton transport
resistance due to the drying of the electrolyte membrane. Second, there is an increase in the local oxygen

transport resistance of the CL at low RH levels [24].
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Figure 7.7 Polarization curves at 1% O; in N> as a function of (a) gauge pressure, (b) N, and (c) RH.
Total gas transport resistance Rt as a plot of (d) absolute pressure Pays, (€) &, and (f) RH. Copyright
2023, American Chemical Society.
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7.3.4. Comparison of Measurement Methods

Figure 7.8 summarizes the results for RgpL obtained from three different methods. The data presented
in Figure 7.8a were obtained by varying the RH. The error bars in Figure 7.8a represent the standard
deviation of the experimental results measured at different volumetric flow rates. As RH increases, RgpL
also increases at each temperature. This can be attributed to water accumulation in the GDL (Figure
7.9a). Additionally, the higher RgpL at higher cell temperatures suggests the accumulation of vapor in
the gas line, as discussed earlier. Figure 7.8b shows the relationship between RgpL and gas pressure,
obtained through limiting current measurements. An increase in Rgpr was observed at lower RH
conditions (<60% RH). This increase was attributed to the insufficient proton conductivity resulting
from voltage drops at lower RH levels. It is recommended to obtain limiting currents for a diluted oxygen
concentration, such as 0.1% O, to avoid voltage drops. However, the measurement of such currents
requires careful subtraction of Ha crossover current, electric double-layer capacitance current, and
experimental errors when preparing diluted oxygen gas. Figure 7.8c displays the dependence of Rgpr. on
GDL thickness. Stacking multiple GDL sheets introduces considerable oxygen transport resistance,
leading to low limiting currents. The reduction gives the impact of voltage drops and enables accurate
determination of Rgpr at low RH conditions. Conversely, an increase in RgpL was observed at higher
RH conditions, indicating the presence of accumulated water between the GDL sheets (Figure 7.9c¢).
Due to the stacking of GDL sheets, capillary force is unable to drain liquid water effectively, and the
lack of penetrating cracks limits drainage through MPL cracks observed in the X-uCT image.

A notable difference between Figure 7.8b and Figure 7.8c at higher RH conditions is the influence of
cell temperature on Repr. In Figure 7.8b, larger RgpL values were observed at lower cell temperatures,
likely due to higher water saturation levels under the ribs of the flow field (Figure 7.9b). The GDL under
cold ribs exhibited higher liquid water saturation at low temperatures, hindering oxygen diffusion and
resulting in increased RgpL. However, when GDLs were stacked in the cell (Figure 7.8¢c), RgpL was less
influenced by cell temperature. The thick GDL layer facilitated uniform gas supply to the CL, even if
liquid water accumulated under cold ribs (Figure 7.9¢c). Moreover, the thermal conductivity of GDLs is
significantly lower than that of flow fields, limiting the impact of temperature on water condensation

away from ribs.
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Figure 7.8 Rgpr determined by (a) the direct measurement method using the Wicke-Kallenbach type
diffusion cell; the limiting current method from the relationship with (b) absolute pressures and (c) GDL

thicknesses. Copyright 2023, American Chemical Society.
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Figure 7.9 Schematic views of the inside of the evaluation cells: (a) the direct measurement approach
using the Wicke-Kallenbach type diffusion cell and the electrochemical approach varying the (b)
absolute pressures and (c) GDL thicknesses. Copyright 2023, American Chemical Society.
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7.4 Conclusion

This chapter demonstrated the impact of evaluation methods on the oxygen transport properties of
partially saturated GDLs in PEFCs. Three different approaches were used to measure gas transport
properties: direct measurements using a Wicke-Kallenbach type cell, electrochemical measurements
using a fuel cell setup to measure limiting currents at various pressures and GDL thicknesses, and
pressure control (GDL stack) method. The direct measurements show that the effective diffusion
coefficient of oxygen in the dry GDL is constant at cell temperature and decreases with increasing RH.
In the electrochemical approaches, the pressure control (GDL stack) method resulted in an overestimated
oxygen transport resistance compared to the low (high) RH conditions. This overestimation was
attributed to voltage drops caused by dried electrolyte membrane and water accumulation between the
GDLs in the respective conditions. It was concluded that the direct measurement method provides an
advantage in evaluating the diffusivity of partially wet GDLs without the influence of other components.
However, it cannot account for the impact of water produced at the PEFC electrode. Electrochemical
measurements allow for the examination of the effect of produced water on gas transport resistance. The
pressure control (GDL stack) method offers reasonable gas transport resistance under high (low) RH
conditions. The findings from this study contribute to the development of GDL materials for controlling

liquid water in PEFCs, which is crucial for improving the performance and durability of fuel cells.
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Chapter 8

A New Solvent-Free Coating Process for MPLs

8.1 Introduction

Commercial battery electrodes are manufactured by a wet-coating process using a slurry. The slurry is
prepared by blending electrode materials with additives such as the solvent, dispersing, and thickener.
These additives must be safely eliminated during drying, requiring additional electrical energy. In order
to address these challenges, a direct deposition method using an electrode powder is employed,
eliminating expensive and environmentally unfriendly processes. Currently, dry-coating techniques
have been explored for the production of lithium-ion batteries [1-6], all-solid-state lithium-ion batteries
[7,8], and PEFCs [9—-12]. In this chapter, the author has introduced a solvent-free coating approach using

an electrostatic screen printer to fabricate MPLs for PEFCs.
8.2 Experimental
8.2.1 Fabrication Process for Dry-Coated MPLs

The fabrication process is divided into four steps (Figure 8.1): (a) particle composition process for MPL
powder, (b) powder deposition process using an electrostatic screen printer, (¢) consolidation process,
and (d) annealing process. In this study, graphite (GP, KS4, TIMCAL), acetylene black (AB, HS—100,
DENKA), and polytetrafluoroethylene (PTFE, KTL—500F, KITAMURA) were used to prepare the MPL
powder. The primary particle diameters for GP, AB, and PTFE were 2.4 um, 40 nm, and 500 nm,
respectively.

Before the composition process, GP and AB were premixed with PTFE for 3 minutes using a double-
blade mill. The standard PTFE content was 20 wt%. The mixtures were then composited using a
multipurpose compact mixing grinder (MP5, Nippon Coke & Engineering) with a rotation speed of
10,000 rpm for 30 minutes. The resulting composite powder samples were named CPgp and CPag. It
should be noted that previously reported methods [1-12] were not applicable due to the highly cohesive
particle properties. The screen-printing method effectively crushes the agglomerates during the
deposition process. The composite powder was directly deposited onto commercial carbon paper treated
with PTFE (Sigracet 29BA, SGL Carbon) using an electrostatic screen printer (TS-1, BERG). The
deposition was followed by compression at a pressure of 1 MPa and annealing at 350 °C for 30 minutes.
It is worth noting that a hot-pressing process was not employed due to the pore-blocking effect of melted
PTFE, which reduces porosity. Therefore, the pressing and annealing processes needed to be separated
at the dry-coating technique for MPLs. The coating area used for MPL preparation was typically 50 x
50 mm? (The maximum coating area: 180 x 300 mm?). Here, the author prepared four-type MPLs with
two different particles (CPgp and CPag) to control the pore morphologies in MPLs. Table 8.1 summarizes

sample specifications.
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(a) (b) (c) (d)

Figure 8.1 Schematic diagram of the dry-coating process for MPLs: (a) composition, (b) screen-printing,

(c) consolidation, and (d) annealing. Copyright 2021, American Chemical Society.

Table 8.1 Sample specifications

MPL type Particle configuration
MPL-S CPas
MPL-B CPqp

MPL-M? (CPag + CPgp)

MPL-G" CPag (2nd layer) / CPgp (1st layer)

2A mixture layer of CPag and CPgp in a 1:1 ratio by volume.

®Multiple MPL layers forming a porosity-graded structure.

8.2.2 Preparation of CCMs

Commercial Pt nanoparticle supported on carbon (TECIOES0E, Tanaka Kikinzoku Kogyo), Nafion
dispersion (D2020, Chemours), and Nafion electrolyte membrane (NR211, Chemours) were used for
CCMs. A catalyst ink of TEC10ESOE and D2020 dispersed in a mixture of ethanol and deionized water
(v/v:3/7), was applied onto a decal PTFE sheet using an applicator. The weight ratio of the Nafion
ionomer to the carbon supports was 0.75. The applicator gap controlled the coating thickness to achieve
a platinum loading of 0.3 mgp cm2. Subsequently, the catalyst layer was subjected to hot-pressing at

125 °C for 10 minutes on both sides of the NR211 membrane.
8.2.3 Characterization Method of Structure and Properties for Dry-Coated MPLs

MPL surfaces were analyzed for their microscopic characteristics using field-emission scanning electron
microscopy (FE-SEM, Regulus SU8230, Hitachi High Technologies) in the secondary electron mode at
an accelerated voltage of 2 kV. The cross sections of the resin-filled and machine-polished GDL samples
were observed using an optical microscopy (Eclipse LV150, Nikon) with bright-field optical modes.

The hydrophobicity of MPLs was assessed by measuring the contact angles using a contact angle
meter (DMo-501, KYOWA). Each MPL sample was evaluated at five different locations, and the
average values were calculated. Deionized water droplets (7 uL) were used for each measurement.

The pore size distribution of MPLs was investigated using mercury intrusion porosimetry (MIP,
PoreMaster 60GT, Quantachrome Instruments). To study the porosity and peak pore diameters of the
micropores within GDLs, synchrotron X-uCT was performed at Toyota beamline (BL33XU) in SPring-

8 facility [13]. However, due to the limited spatial resolution of synchrotron X-uCT, submicron pore
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morphologies within MPLs could not be analyzed. In order to overcome this limitation, a synchrotron
X-nCT system with a spatial resolution of 68 nm was recently incorporated at the BL33XU beamline
[14]. MPL specimens measuring approximately 50 x 50 x 50 pm® were prepared for X-nCT
measurements. The X-nCT involved capturing 1800 projections using an X-ray energy of 8 keV with a
field of view of 71.4 pumg. Tomographic reconstruction was performed using a software package
provided by JASRI [15]. The segmentation of computed tomography images was conducted using Fiji
software (Imagel) [16]. The segmented computed tomography images were analyzed to study the pore
morphologies using Geodict software (Math2Market GmbH) [17].

Electrochemical characterization was performed using a 1 cm? single cell to investigate the effect of
pore morphologies on the fuel cell performance at a wet condition. In this cell, the fabricated CCM and
GDLs were compressed. The compression ratio of the GDLs was 20 + 5% by controlling the gasket
thickness, based on their initial thickness. As for the anode GDL, a commercial GDL with MPL (Sigracet
29BC, SGL Carbon) was used. The single cell had straight channels with widths of 0.4 mm for the
channels and 0.2 mm for the ribs. The cathode and anode flow fields were configured in a cross-flow
manner. The break-in and polarization tests were conducted under specific conditions. A constant flow
of air/H» (2000/500 sccm) was maintained at a backpressure of 50 kPa for the cathode and anode sides.
The break-in test involved sweeping the cell voltage between 0 and 1.0 V for 50 cycles at a scan rate of
10 mV s7!, with the temperature set at 80 °C and the RH at 100%. Potential cycling was performed in
the range of 0.05 to 0.95 V at a scan rate of 50 mV s™! for five cycles under a 10% H, atmosphere at the
anode electrode. During potential cycling, the gas supply on the cathode side was discontinued. The
charge associated with the underpotential adsorption of hydrogen was determined from the hydrogen
adsorption current observed between 0.05 V (inflection point) and 0.4 V (double layer region) by
recording five cycles of the cyclic voltammogram. The electrochemical active surface area (ECSA) was
calculated based on the charge assumption of 210 pC cmp, ! and then converted to the roughness factor
(RF) in cmp? cmgeo 2 to compare the quality of CCMs. Polarization curves were recorded at 51.2 °C
under condensation conditions with 120% RH (i.e., condensing). The cell voltage was swept between 0
and 1.0 V at a scan rate of 10 mV s, In order to account for Ohmic overpotential, all polarization curves
were corrected by simultaneously measuring high-frequency resistances using an AC resistance meter

(356E, TSURUGA) at 10 kHz.
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8.3 Results and Discussion
8.3.1 Morphologies and Properties of Dry-Coated MPLs

Figure 8.2 displays SEM images of MPL surfaces. In Figure 8.2a—d, the carbon fiber substrate was
covered with a powdery layer, and no cracks were observed on their surfaces. The absence of cracks can
be attributed to the elimination of a drying process in the solvent-free coating process, as cracks typically
form during drying in wet-coating methods [13]. The lower row of SEM images in Figure 8.2 shows
microstructures of MPL surfaces. MPL-S and MPL-G had CPag on their surface, while MPL-B had
CPgp. MPL-M exhibited a mixture of CPgp and CPag on the surface. Figure 8.3 shows cross-sectional
optical microscopy images of MPLs, where the fibrous bottom layers (carbon paper) and the powdery
upper layers (MPLs) are visible. The MPL thickness ranged from 50 to 75 pym. MPL-S and MPL-B had
uniform MPLs, while MPL-M had a nonuniform powdery layer due to the direct deposition of a mixture
of CPgp and CPag. MPL-G consisted of separated CPgp and CPag powdery layers, referred to as the 1st
MPL and 2nd MPL, respectively.

Figure 8.2 Surface SEM images of dry-coated MPLs: (a, ) MPL-S, (b, f) MPL-B, (c, g) MPL-M, and
(d, h) MPL-G. The images in the upper and lower rows were obtained at 1000x and 10,000x

magnification, respectively. Copyright 2021, American Chemical Society.
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(a) MPL-S |

Figure 8.3 Cross-sectional optical microscope images of dry-coated MPLs: (a) MPL-S, (b) MPL-B, (c)
MPL-M, and (d) MPL-G. Copyright 2021, American Chemical Society.
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Figure 8.4 Static water contact angles of MPLs: (a) MPL-S, (b) MPL-B, (c) MPL-M, (d) MPL-G, and
(e) commercial GDL (Sigracet 29BC); (f) graphical comparison of the average contact angles of (a—e).

Copyright 2021, American Chemical Society.
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The hydrophobicity of MPLs plays a role in mass transport within GDLs and affects flooding during
high-current-density operation. Contact angle measurements were performed to evaluate the wettability
of MPLs (Figure 8.4). The average contact angles of MPL-S, MPL-B, MPL-M, MPL-G, and a
commercial GDL (Sigracet 29BC) were 153, 149, 153, 153, and 154°, respectively. All of the prepared
MPLs exhibited hydrophobicity comparable to that of the commercial GDL. MPL-B exhibited a smaller
contact angle compared to the others, likely due to the exposed CPgp layer with a high surface roughness.

The pore size distributions of MPLs are shown in Figure 8.5. MPL-S and MPL-B exhibited
micropores with peak pore diameters of 0.17 and 0.41 um, respectively. MPL-M displayed micropores
with a peak pore diameter of 0.26 um. MPL-G exhibited characteristics of both MPL-S and MPL-B. All
of the dry-coated MPLs displayed a broad peak in the range of 0.5 to 4 pum. Figure 8.6 presents
reconstructed 3D X-nCT images for MPLs. The images revealed the arrangement and distribution of
CPgp and CPag within each MPL type. In MPL-S and MPL-B, CPgp and CPag differed in terms of their
sizes and were randomly scattered throughout the MPL. MPL-M, on the other hand, exhibited a mixed
arrangement of CPgp and CPag. In MPL-G, CPgp and CPag were regularly arranged to form the 1st and
2nd MPLs. The pore properties for each MPL type are provided in Table 8.2.
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Figure 8.5 Pore size distribution of dry-coated MPLs: (a) MPL-S, (b) MPL-B, (c) MPL-M, and (d) MPL-
G. Copyright 2021, American Chemical Society.
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Figure 8.6 Synchrotron X-nCT images of dry-coated MPLs: (a) MPL-S, (b) MPL-B, (c) MPL-M, and
(d) MPL-G. Black and white areas represent the composite powder (CPgp and CPag) and pores,
respectively. Copyright 2021, American Chemical Society.

Table 8.2 Pore properties of dry-coated MPLs.

MPL type Pore diameter® (um) Porosity® (-)
MPL-S 0.17 £ 0.02 0.66 =0.01
MPL-B 0.41 £0.06 0.71 +£0.02
MPL-M 0.26 £ 0.04 0.73 £0.01

MPL-G (1st MPL) 0.35+0.06 0.68 +0.01
MPL-G (2nd MPL) 0.17+£0.03 0.67 +0.02

2Peak pore diameter measured by mercury intrusion porosimetry.

bCalculated values for three arbitrary regions (14 x 14 x 28 um?) from synchrotron X-nCT.

8.3.2 Electrochemical Characterization of Dry-Coated MPLs
The single-cell performance of MPLs was evaluated to investigate the effect of pore properties on the
fuel cell performance. Figure 8.7a shows the cyclic voltammograms of MPLs at 80% RH. All the
samples exhibited typical shapes observed for platinum catalysts, with hydrogen adsorption/desorption
peaks in the range of 0.05-0.4 V and oxide formation/reduction peaks above 0.5 V. The cyclic
voltammograms of the different MPLs overlapped with each other. The RFs were determined to be 140
+ 4 cmp? cmyeo 2, that is, within 5% of platinum loading in the CCMs. Figure 8.7b presents the
polarization curves at 51.2 °C and 120% RH (i.e., condensing) to investigate the flooding tolerance. In
the low-current region (<0.1 A cm™), the polarization curves overlapped, indicating comparable
performance and activity of the cathode catalyst layers. The trend observed in the higher current region
(> 1 A cm™) was as follows: MPL-G > MPL-S > MPL-M > commercial GDL (Sigracet 29BC) > MPL-
B. This suggests that dry-coated MPLs exhibited comparable or higher performance than the commercial
GDL.

MPL-B and MPL-M, which had exposed CPgp on their surfaces, showed lower electrochemical
performance compared to MPL-S and MPL-G, which had exposed CPag. The lower performance of

MPL-B and MPL-M could be attributed to microscale gaps formed at the interface between the MPL
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and CCM due to the presence of large particles on the surface. These gaps can lead to the accumulation
of liquid water during operation under wet conditions, resulting in a sudden voltage drop. MPL-S
exhibited higher flooding tolerance than the commercial MPL. The wet-coated commercial MPLs
typically have porosities in the range of 0.4—0.6, while MPL-S had a porosity of approximately 0.7,
despite having the same material content. The higher porosity of MPL-S allows for more water
accumulation within its pores, contributing to its enhanced flooding tolerance. Another possible reason
for the higher flooding tolerance of MPL-S is the difference in pore connectivity compared to the
commercial MPL. MPL-G, which consisted of the 1st and 2nd MPLs with pore-size gradients,
experienced internal capillary forces due to the interfaces between the layers, resulting in improved
flooding tolerance. This comprehensive study suggests that multilayered MPLs with porosity gradients
could be more favorable for enhancing fuel cell performance under wet conditions due to the occurrence

of capillary forces at interfaces.
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Figure 8.7 (a) Cyclic voltammograms at 80% RH for a single cell with different MPLs, recorded at a
scan rate of 50 mV s7!. (b) Polarization curves for MPLs. The fuel cell test was conducted at 51.2 °C
and 120% RH (i.e., condensing) under the backpressure of 50 kPa for the cathode and anode sides.
Copyright 2021, American Chemical Society.

8.4 Conclusion

In this chapter, the author introduced a novel solvent-free coating method for the production of MPLs
in PEFCs using an electrostatic screen printer. The key advantage of this dry-coating process is the
elimination of the expensive and environmentally unfavorable drying process. The author demonstrated
the ability of the dry-coating process to control the pore morphologies of MPLs through the manipulation
of particle arrangement. The particle and pore structures of dry-coated MPLs were comprehensively
analyzed using microscopic observation, mercury intrusion porosimetry, and synchrotron X-nCT.
Electrochemical characterization revealed that MPLs with a porosity gradient across their structure
exhibited excellent resistance to flooding under wet conditions, which can be attributed to the capillary
force within the MPLs.
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Summary and Perspective

The transition from internal combustion engine vehicles to electric vehicles is proceeding rapidly toward
the realization of a carbon-neutral society. This thesis handled the structure and related transport
phenomena within the polymer electrolyte fuel cells (PEFCs). The author used quantum beam analysis
(small-angle neutron scattering, neutron reflectometry, and X-ray computed tomography) to investigate
the multiscale structures of fuel cell components. In Part 1 (Chapters 2-5), the ionomer adsorption
behavior onto the platinum and carbon surfaces was investigated using small-angle neutron scattering
and neutron reflectometry. In Part 2 (Chapters 6-8), the pore morphologies of porous media in PEFCs
was investigated using X-ray computed tomography (CT). The details of the respective Parts are

summarized below:

In Chapters 2—4 of Part 1, the adsorption behavior of ionomers on platinum and carbon surfaces in
catalyst inks was studied using small-angle neutron scattering. It is well known that the catalyst layer
fabricated by coating the catalyst ink has segregated ionomers and some of dense ionomer layer on the
platinum surface. The adsorption layer limits oxygen transport to the platinum surface, resulting in lower
PEFC performance. Small-angle neutron scattering experiments revealed that the ionomer adsorption
layer is formed at the stage of catalyst inks. The author reported that the ionomer adsorption behavior in
catalyst inks depends on the platinum loading (Chapter 2), ionomer content (Chapter 3), and temperature
(Chapter 4). The author discussed the ionomer adsorption mechanism in the catalyst ink from the
viewpoint of the interaction between ionomers and platinum supported on carbon particles. In Chapter
5 of Part 1, the ionomer adsorption behavior of ionomer thin films prepared on carbon surfaces with
different surface properties was investigated by neutron reflectometry. Carbon thin films used as model
samples for the catalyst layer were deposited on silicon substrates. Carbon samples with different surface
properties were used: one immediately after sputter deposition, one after HNOs treatment for
hydrophilization, and one after NH3 treatment. Neutron reflectivity experiments revealed that a highly
dense and thick ionomer layer was formed on the carbon surface after HNOs3 treatment, indicating the
possibility of surface modification of carbon materials as a method to suppress ionomer adsorption on

the platinum surface.

In Part 2, the pore structure in the gas diffusion layer was investigated using X-ray computed
tomography (CT). The gas diffusion layer consists of a substrate (carbon fiber layer) and a microporous
layer with nanoscale pores (carbon black layer). The complex pore morphologies within the gas
diffusion layer limits the oxygen transport properties. In Chapter 6, the pore structure of the compressed
gas diffusion layer was evaluated by X-ray micro-CT to clarify the correlation between the gas

diffusivity predicted from the pore structure and that evaluated from the fuel cell evaluation. In Chapter
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7, the author studied the gas diffusivity of the wet gas diffusion layer. The results showed that the gas
diffusivity differs in the presence of liquid water produced by condensation and that produced by power
generation. In Chapter 8, a new powder deposition process was proposed as a method to control the pore
morphologies within microporous layers. In this thesis, the author showcased a multilayer microporous
layer with a gradient pore size in the stacking direction to enhance the ability of capillary force to drain
liquid water from the PEFC. The gradient pore morphologies of the powder-deposited microporous layer
was revealed by X-ray nano-CT. The fuel cell performance evaluation demonstrated that the

microporous layers with a pore gradient had the effect of liquid water drainage driven by capillary forces.

In conclusion, this thesis presents the structural evaluation of PEFC components by quantum beam
analysis and its correlation with mass (oxygen and water) transport properties. The author believes that
the obtained knowledge contributes to the guideline for the material development of PEFCs focusing on
the mass transport properties. It is worth noting that the produced water and heat may have a significant
impact on the oxygen transport properties under harsh conditions. The limitation of this study is that
some of the effects has been neglected. To address these issues, it is necessary to establish operando
measurement techniques. In addition, the structural analysis presented in this thesis can be applied to
other electrochemical devices such as water electrolyzers and carbon dioxide electrolyzers. At present,
there is an urgent need to improve their electrochemical efficiency. However, electrochemical activity
alone is not enough to build a practical system as well as PEFCs. We need to consider how to maximize
the mass transport properties with structural analysis using quantum beam analysis techniques. The field
of electrochemistry, including fuel cells and other electrochemical devices, will contribute to the
realization of a carbon-neutral society. The authors conclude this thesis with the expectation that the use

of quantum beam analysis in the field of electrochemistry will continue to expand further in the future.
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