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1. Introduction

1.1 Background

1.1.1 The Hydrogen Energy and Fuel Cell

As fossil energy is gradually consumed, attention is growing toward its diminishing
reserves and the environmental pollution it causes [1]. To relieve the reliance on fossil energy
and reduce ecological damage, the countries are actively striving to explore a new generation
of alternative energy sources.

Hydrogen, a renewable energy source and an abundant element in the Earth that can be
harnessed from various sources, including water electrolysis and organic compounds, has
received widespread attention from all walks of life [2]. Hydrogen is a widely adopted energy
carrier in chemical production and power generation, known for its non-toxic nature and safe
handling, with applications spanning the automotive, electronics, and construction sectors [3,4].
Moreover, hydrogen presents numerous advantages as an energy carrier, including minimal
emissions of greenhouse gases and hazardous substances during energy release, its
compatibility with fuel cells, and its role as a sustainable alternative to traditional fuels like
gasoline, diesel, and natural gas [5-7].

Within the realm of fuel cell systems, polymer electrolyte fuel cell systems (PEFCs) stand
out for their rapid start-up, compact size, high efficiency, low operating temperatures,
impressive power density, stable operation, and absence of environmental emissions [8-10]. In
its capacity as a power generation system, the chemical potential in the hydrogen is efficiently
transformed into electrical energy, producing water and heat as byproducts [11-13]. By
assembling and compressing the multiple individual cells to generate different characteristic
stacks of PEFC to satisfy the usable output voltage needs of various application scenarios [14].
These attributes make PEFCs ideal for various commercial applications across the automotive,
rail, maritime, drone, and aviation transportation industries [15-17]. Given the growing
ecological and global warming concerns, PEFCs are recognized as a clean solution for

automotive powertrains, especially for heavy-duty vehicles (HDV) [18].
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1.1.2 The Components and Working Principle of PEFC

PEFCS are intricate systems composed of several essential components, each with a unique
role in ensuring efficient operation [19]. These pivotal elements include the anode, cathode,
catalyst layer (CL), proton exchange membrane, microporous layer (MPL) coated gas diffusion

layer (GDL), and bipolar plate (BP), as illustrated in Figure 1.1 [20].

Catalyst
layer

Bipolar plate Proton exchange Microporous layer coated
(flow field) membrane gas diffusion layer

Figure 1.1 The schematic diagram of the working principle of the polymer electrolyte fuel cell (PEFC) [20].

Bipolar plates assume a pivotal role in the intricate functioning of fuel cells, orchestrating
the flow of electrons from the anode to the cathode, either within the external circuit or to the
adjacent cathode in a stack. Simultaneously, they facilitate the seamless transport of fuel and
the removal of reaction byproducts through carefully delineated channels. Moreover, these
plates contribute to the structural integrity of the stack and efficiently dissipate the waste heat
generated during the reaction, employing a coolant flow through the current collector [21-23].

The CL takes center stage within the cell by enabling fuel oxidation and reduction reactions.
This multifaceted role involves supplying the necessary catalyst, conducting ions from the
reaction site to the membrane, guiding electrons from the reaction site to the anode bipolar
plate, and facilitating the transport of reactants and removal of products to and from the catalyst

locations.



The proton exchange membrane (PEM) embodies diverse critical functions, including high
ionic conductivity, minimal crossover of hydrogen and oxygen gases, chemical stability,
thermal resilience across a spectrum of operating temperatures, and robust mechanical strength
[24]. The perfluorosulfonic acid (PFSA) membrane currently stands as the prevailing choice.
When coated with CLs, this membrane transforms into a cohesive unit called the catalyst-
coated membrane (CCM) [25,26].

Nestled between the bipolar plate and CCM, the GDL is pivotal in optimizing cell
performance [27]. It serves many functions, providing crucial mechanical support, facilitating
the transfer of water, gas, and heat, and ensuring efficient electrical conduction. Modern GDLs
typically comprise a carbon-based substrate and an MPL [28-30]. The substrate, fashioned
from either carbon paper, carbon felt, or carbon fibers as shown in Figure 1.2, undergoes
impregnation with a hydrophobic agent polytetrafluoroethylene (PTFE), with loadings ranging
from 5-30 wt.% [31-33]. One side of the fiber substrate is commonly coated with an MPL
comprising a hydrophobic polymeric binder, carbon black, or graphite. The total uncompressed
thickness of cutting-edge GDLs falls within the 100-250 um range, with an MPL thickness
ranging from 20 to 50 um. Pore sizes exhibit variability, ranging from 10-80 um in the substrate

to 30 nm to 20 pum in the MPL [34].

= AR

(b) Carbon paper (c) Carbon felt

(a) Carbon cloth

Figure 1.2 The different substrates of (a) carbon cloth, (b) carbon paper [31], and (c) carbon felt used in MPL
coated GDLs [32].

To initiate the PEFC energy generation process, hydrogen is introduced into the system at
the anode, which divides hydrogen molecules into electrons and protons via the hydrogen
oxidation reaction (HOR) denoted as Eq. (1.1). Subsequently, the bipolar plates efficiently
capture the released electrons from the hydrogen atoms, generating an electric current capable

of powering various external electronic devices [35,36].



Simultaneously, the separated protons, originating from the hydrogen at the anode, traverse
the proton exchange membrane (PEM). This specialized membrane allows for the selective
transport of protons, facilitating their movement from the anode to the cathode [37]. Upon
reaching the cathode, the protons unite with oxygen from the surrounding environment,
participating in a chemical reaction that yields water as a byproduct of the oxygen reduction
reaction (ORR) represented by Eqg. (1.2). This reaction within the PEFC system plays a pivotal
role in its environmentally friendly operation by producing clean water without harmful

emissions as the overall reaction as Eq. (1.3) [36].

H,—2H+ ¢ (1.1)
1
Hy+5 0,26’ —>H,0 1.2)
1
H2+§ Oz—)Hzo (13)

In summary, the PEFC is a remarkable piece of technology, ingeniously designed to split
hydrogen into electrons and protons, with the former being channeled to power external
electrical devices and the latter used to create water through a proton exchange membrane
(PEM). This process underscores the importance of PEFC in sustainable and clean energy

solutions, making it a promising technology for a greener future [38].



1.1.3 The Overpotentials During PEFC Operation
During PEFC operation, the cell performance can be effectively assessed through the
polarization curve (I-V curve) [39], as illustrated in Figure 1.3. This curve is a comprehensive

indicator, encapsulating essential data regarding cell voltage, current density, and output power.
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Figure 1.3 The polarization curve and various overpotentials during PEFC operation [39].

As for the maximum ideal voltage (Nernst voltage) in the PEFC, the Nernst equation shows
the reversible cell voltage E(T, p) as a function of temperature T and pressure p. For an ideal

gas mixture in PEFCs, the Nernst equation can be written as Eq. (1.4).

1

2
—AG RT PulP
E(T,p) = —— + —In—22 (1.4)
nF  nF Pu,0

where AG is the Gibbs free energy (kJ), n is the number of electrons involved in the electrode
reaction, F is the Faraday constant (96485 C/mol), R is the gas constant (8.314 J mol* K1), T
is the temperature (K), pr2, po2, and pr2o are hydrogen, oxygen, and water partial pressures,
respectively (kPa).

However, the species crossover through the electrolyte, internal electron leakage, or
potential contamination and impurities caused the undesired disparity between the ideal and

open circuit voltage (OCV) results. Moreover, the actual power output of PEFCs is also subject



to the influence of various irreversible voltage losses, specifically, ohmic overpotential,
activation overpotential, and concentration overpotential [40].

(a) Activation overpotential

Activation overpotential, a kinetic hindrance occurring at the electrodes, mainly causes
the potential drop at the beginning of the operation, as shown in Figure 1.3. It can be expressed
by a classical model of the Bulter-Volmer (BV) equation (1.5). The BV model describes an
electrochemical process limited by the charge transfer of electrons.

Fi —(1 = Fi
i =i Iexp (a; T77> — exp <%>l (1.5)

where i is the net current density, io is the exchange current density, a is the charge transfer
coefficient, and under equilibrium is 0.5, # is the equilibrium potential (V).
When focusing on the increasing n of the anodic or cathodic branch, the rest will be

diminished so that the BV equation can be simplified as Eq. (1.6).

Fi
[ = igexp (OCZT’?) (1.6)

Taking the logarithm of both sides simultaneously in Eg. (1.6) and moving the 7 to the left

side, the Tafel equation is obtained as Eq. (1.7). According to this relationship, the activation

overpotential can be separated from the initial range of the polarization curve.

RT i
7=——ln (g) (1.7)

(b) Ohmic overpotential

The ohmic overpotential encompasses all electrical and ionic conduction losses spanning
the electrolyzer, catalyst layers, cell interconnects, and contacts. It becomes dominant in the
middle of the operation in Figure 1.3. This loss is profoundly affected by the thickness,
conductivity, and surface roughness of the GDL coated with an MPL. Furthermore, managing
water within the MEA is essential in dictating ohmic loss. Variations in wettability can
significantly impact the proton conductivity of the membrane. When the MEA lacks adequate
wetness, the dry membrane impedes the transport of protons, leading to an increase in ohmic

resistance. The ohmic overpotential can be determined through high-frequency resistance

(HFR), electrochemical impedance spectroscopy (EIS), or current interruption method.



(c) Concentration overpotential

The concentration overpotential arises from limitations in the mass transport of reactants
to the catalyst. This loss influences the I-V characteristic before the PEFC system stabilizes,
particularly under low ambient temperature and high current density conditions. Besides,
higher current densities generated by the oxygen reduction reaction (ORR) at the cathode
within the catalyst layer produce excess liquid water [37,41,42]. This scenario gives rise to the
challenge of liquid water accumulation within the cell, especially on the cathode side [43,44].
The accumulation leads to liquid water blockage in the pores of the electrolyte and GDL,
causing a significant reduction in the oxygen transport rate to the catalyst when the oxygen
concentration becomes zero, where the limiting current density occurs in Figure 1.3. In cases
where the system fails to expel water through the GDL efficiently, this accumulated water
hampers reactions, resulting in a voltage drop known as flooding. The limitation in oxygen
diffusion primarily depends on the oxygen diffusion capability on the cathode side of the fuel
cell engine, a factor significantly influenced by the properties and structure of the cathode-side
CL and GDL [45,46]. The voltage change at the electrode due to concentration changes in
reactant diffusion can be described by Eq. (1.8). Assuming the reaction occurs only at the CL,

kinetic effects can be ignored, as shown in the left parts of Eg. (1.9).

=n= R (& 1.8
Ach—cl—’?—ch—Vcl—(n_l_y)Fna (1.8)
RT ]
y = ——ln<1 —,L) (L.9)
I’ZF Uim

where the Vc,.c; Is the voltage change from concentration change (V), Vc is the voltage under
specific concentration (V), y is the reaction order, C is the reactant concentration (mol m), the
ilim is the limiting current density (A cm™).

Among all the overpotentials, the concentration overpotential is the main factor influencing
the power output under high current density. Therefore, an effective water management
strategy in the PEFC should have the dual objectives of preventing dehydration of the MEA by
utilizing water generated by electrochemical reactions in dry conditions while expelling excess
water from the catalyst layer. This approach helps maintain gas diffusion to reduce

concentration overpotential during high relative humidity or high current density conditions



[47-49]. Thus, the MPL part becomes indispensable to achieve this favorable MPL/CL

interface water-gas transport balance within the cells [50-52].



1.1.4 The Mass Transport in PEFC

A profound understanding of mass transport mechanisms is essential for designing and
optimizing the MPL coated GDL in PEFC. The intricacies of the transport mechanisms are
notable, necessitating the use of complex equations. The mechanisms explicitly involve the
movement of gases and liquids within the cell, the fundamental processes significantly
influencing the overall performance of the PEFC [53-55]. Recognizing and delving into a
detailed exploration of the intricate interplay among various factors affecting gas and liquid
transport is essential to establishing the groundwork for targeted MPL coated GDL design and
improvement, ensuring optimal performance and efficiency in PEFCs.
1.1.4.1 The Oxygen Transport in the PEFC

Before modifying the cell components, it is crucial to grasp the oxygen diffusion
mechanism. The flow channel must supply oxygen to the catalyst, traversing through the GDL,
MPL, and CL. Since these layers have distinct pore distributions and structures, the varying
pore size distributions yield unique gas and water transport properties.

Considering the oxygen transport components from GDL to CL in Figure 1.1, the total
oxygen transport resistance Roz can be divided into several parts for easier understanding [56],
as Eqg. (1.10).

Roy = Ry + Rgpr + Rvipr + ReL (1.10)
where Roz is the total oxygen transport resistance from the flow channel to the CL, Ren is the
oxygen transport resistance in the flow channel, RepL is the oxygen transport resistance in the
GDL, Rwme is the oxygen transport resistance in the MPL, RcL is the gas transport resistance in
the catalyst layer.

During the cell operation, the I-V curve exhibited iim behavior where the oxygen
concentration in the CL tends to be zero, as shown in Figure 1.3. From Baker et al. research,
the Ro2 in the cell is calculated as the difference in oxygen concentrations between the flow-
field inlets and the electrode divided by the average oxygen flux to the electrode [57], as Eq.
(1.12).

Coachannel ~ ConcL _ 4FPg,
Oxygen Flux RT iy,

R02 == (111)



Where the Coz,channel is the oxygen concentration in the flow channel (mol m=), Cozelectrode iS
the oxygen concentration at the CL (mol m™), po, is the oxygen partial pressure (Pa).

In Figure 1.4, the oxygen transport mechanism significantly changed from GDL to CL with
varying pore sizes. The molecular diffusion mainly occurs in the MPL and GDL, and the
Knudsen diffusion becomes dominant with the decreasing pore structures in the CL [58].
Therefore, based on Baker’s report, the Ro2 can be further decomposed into two components:

molecular diffusion resistance Rmol and the remaining resistance Rother as EQ. (1.12) [59,60].

4FCpp p
ROZ = . = Rmol —+ Rother (112)

Him 0

where Co, is the concentration of oxygen molecule (mol m=), p is the partial pressure (Pa), po
is the reference total pressure (0.1 MPa), Coz is the oxygen concentration (mol m=), Rmol is the
molecular diffusion resistance (s m™), Rotner is the resistance of Knudsen diffusion and diffusion
within the ionomer and liquid water (s m™),

The initial resistance in Eq. (1.12) primarily arises from intermolecular diffusion within the
GDL, characterized by relatively large pores, with diffusion coefficients inversely proportional
to the total pressure, as shown in Figure 1.5(a) and (b). The subsequent resistance is associated
with diffusion in the CL, featuring small pores and a thin ionomer layer, as shown in Figure

1.5(c) [61-63].
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Figure 1.4 The mechanisms of oxygen diffusion in PEFC [58].
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Figure 1.5 The (a) Knudsen diffusion, (b) molecular diffusion, and (c) ionomer permeation of the oxygen.

In this context, gas transport is predominantly influenced by pressure-independent Knudsen
diffusion and diffusion within the ionomer and liquid water. Therefore, the Ro2 under a specific
condition can be described as Eq. (1.13).

Roy =R, + Ry, (1.13)
where Rp, and Rnp are pressure-dependent and pressure-independent oxygen transport
resistances (s m™), which respectively correlate to Rmol and Rother.

According to the above analysis, reducing overpotential in oxygen diffusion hinges on
minimizing the low oxygen diffusion resistance, with Rp and Ryqp serving as benchmarks for

evaluating GDL modification.
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1.1.4.2 The Liquid Water Transport Mechanisms in the PEFC

The typical operating temperature range for a PEFC is 60<C to 100<C [64]. However,
during start-up or cold start conditions, the cell undergoes a state change before reaching a
steady state under lower temperatures. Consequently, water in the system exists not only in the
gas phase but also in the liquid phase. Effective water management in this PEFC is crucial. The
system must expel excess water to prevent drainage and maintain the CL in highly humid
conditions to enhance the membrane proton conductivity [65,66]. However, the appearance of
condensed liquid water on the cathode catalyst layer brings high water saturation s; and lowers

the effective surface area of Pt metal, as shown in Figure 1.6 [40,67,68].
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Figure 1.6 Capillary-induced liquid transport in a hydrophobic fuel cell GDL [40].

Meanwhile, the high s; impedes oxygen diffusion and reduces gas saturation sq. The
accumulated water at the CL can passivate active sites, reducing the efficiency of gas molecule
diffusion to the CL surface. Similarly, the active pore area may become partially blocked if
water droplets gather at the GDL [53].

The central aspect of water transport in MPL coated GDLs focuses on capillary pressure
[69-71]. This pressure disparity arises in the MPL coated GDL when gas and liquid water
coexist in the PEFC. The pressure difference at the interface between these phases results from
interfacial tensions caused by the imbalance of molecular forces at the contact line. The
disparity between the pressure of liquid water p; and gas pg at the interface is termed capillary

pressure pe, which utilizes the widely recognized Levertte approach in Eq. (1.14) and Eq.(1.15),
12



providing a means to assess the pressure required for a non-wetting fluid to infiltrate a square
cross-sectional pore [72-74]. The water generated is not stationary, and the liquid water
migrates from the catalyst to the gas channel. As Leverett's approach describes, the pc
influences the water saturation s;. Consequently, pore size and hydrophobicity alterations
induced by pc changes lead to diverse liquid water transport properties. Specifically, decreasing
pore size and increasing contact angle can reduce the saturation level within a specified range

[75,76].

£ 0.5

P, = 708 Opore (1—{) J(s) (1.14)
J(s) = 1.417s; — 2.120s,> + 1.263s° (1.15)

where pc is the capillary pressure, y is the wetting liquid's surface tension, Gpore is the in-pore

contact angle, K is the absolute permeability, ¢ is the porosity, and s; is liquid water saturation.
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1.2 The Role of the Hydrophobic MPL

Effective water management in MPL coated GDLs becomes crucial for achieving lower
Rnp and Rp resistances while simultaneously achieving higher output power at a specific current
density. A widely adopted practice in the industry involves extensively using conventional
hydrophobic MPL coated GDLs to regulate liquid water and maintain a consistent oxygen

supply within the MEA, and the configuration is shown in Figure 1.7 [77,78].

Microporous
Layer (MPL)

Separator GDL substrate

Hydrogen T~ Electrode
-

MEA

Membrane

400pum 400pum
(a) SGL24BA without MPL (b) SGL24BC with MPL

MPL

Substrate

100pum

(c) SGL24BA without MPL (d) SGL24BC with MPL

Figure 1.8 The SEM photos of the commercial bare carbon paper (SGL 24BA) are in (a) and (c), and
commercial MPL coated GDL (SGL 24BC) is in (b) and (d) [79].
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This approach entails the utilization of hydrophobic MPLs, frequently in conjunction with
a polytetrafluoroethylene (PTFE) binder. In Figure 1.8, SEM images compare a commercial
substrate (SGL 24BA) with a commercial MPL coated GDL (SGL 24BC), illustrating the direct
application of the hydrophobic MPL onto the substrate. This application forms smaller pore
structures with varying degrees of hydrophobicity within the MPL [79]. The smooth surface of

MPL also helps reduce contact resistance between the MPL and the CL.

SGL 25 BC SGL 24 BA
(with MPL) \ (no MPL)

Outlet Outlet
Section view 25 BC (not to scale) 1 Section view 24 BA (notto scale) 444
‘e ‘ ’
Pt A ‘ 0' , . . | ,
Uniform inlet water Uniform inlet water
Nano size MPL pores to TTT flux at 2 A.cm2 TTT flux at 2 A.cm™?

provide gas transport

(a) SGL 25BC (b) SGL 24BA

Figure 1.9 Simulated liquid water (blue) distribution at steady state along with microstructures (light gray)
of (a) SGL 25 BC and (b) SGL 24 BA [80].

Besides, the experimental and simulation reports have shown that introducing the MPL can
reduce the saturation level [53]. Cetinbas et al. adopted a 110<contact angle for commercial
SGL 24BA and SGL 25BC fibers and a 120 °contact angle for the MPL material in the 25BC
scenario [80]. As depicted in Figure 1.9, the model results reveal multiple water breakthroughs
occurring at various locations and time steps under these conditions. The simulation result
suggested the formation of very few water paths from the inlet to the outlet of the SGL 25BC
setup because the MPL material, comprising hydrophobic nano-pores, limits water intrusion
into the GDL, as shown in Figure 1.9(a). The nano-pores act as barriers preventing water flow,
while more considerable pores are conduits for draining accumulated water under elevated

pressure. In contrast, Figure 1.9(b) shows many water clusters, with a small fraction reaching
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a breakthrough at the outlet of SGL 24 BA. Consequently, only a limited number of distinct
water paths were established from the electrode to the outlet boundary of the SGL 25BC system,
and most of the water accumulated at the CL/MPL interface, creating a barrier to oxygen
transport to the catalyst. As illustrated in the section view, liquid water accumulates in the
middle and lower heights of SGL 24 BA with the gas-blocking effect.

As shown in Figure 1.10, Sarker et al. compared commercial GDL (Toray-H-060) to
hydrophobic MPL coated GDL through I-V curves under both relatively dry and wet conditions
[81]. Under dry operating conditions, no significant differences are observed, as kinetic and
ohmic losses primarily dominate the polarization curve, as shown in Figure 1.10(a). In contrast,
under wet operating conditions, especially in the mass transport region, the impact of PTFE
impregnation and MPL becomes more evident, as illustrated in Figure 1.10(b). The collective
findings indicate that water condenses rapidly, reaching a high saturation level in the bare GDL.
In contrast, the sample with 5 wt% PTFE impregnation and MPL maintains a low water
saturation level, demonstrating the capacity of MPL to handle liquid water and facilitate
oxygen transport at high current densities. Adding MPL to the cathode GDL is crucial for

establishing stable operation under wet conditions, especially for high current density

operations.
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Figure 1.10 Performance curves for Toray-H-060 with 0, 2, 5, 8 wt% PTFE and 5 wt% PTFE with MPL
under (a) dry conditions, 70 °C, 64% RH, 100 kPa abs, and (b) wet conditions, 70 °C, 100% RH, 300 kPa
abs [81].

Furthermore, Kitahara et al. reported similar 1-V curves and overpotential results for the

commercial untreated GDL (SGL 20AA), GDL with hydrophobic treatment (SGL 20BA), and
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hydrophobic MPL coated GDL (SGL 20BC), as shown in Figure 1.11 [82]. Under 100%RH,
the performance of the PEFC using the 20BA GDL with PTFE treatment surpasses that of the
20AA GDL at high current densities, and even superior performance is achieved when
employing the 20BC GDL with the MPL. Although the IR and activation overpotentials exhibit
relative uniformity across all GDLs, both PTFE treatment and the inclusion of the MPL prove
effective in reducing flooding and suppressing concentration overpotential. Notably, the best
performance under high humidity conditions is observed with the 20BC GDL featuring the
MPL. Extra investigation of the 1-V curve and overpotentials of the hydrophobic MPL coated
GDL under different humidity conditions are shown in Figure 1.12. It was found that the
humidity in the cell significantly influenced the output power, and the hydrophobic MPL
coated GDL cannot always bring the suitable water management manner to prevent drying up

and flooding when the humidity changed from low to high [82,83].

1 r 0.6
T 1F20AA 1F20AA
08 o 0.5
-<-20BA --20BA
0.6 +-20BC| 04 = 20BC
0.3
0.4 0.2
0.2 : 0.1
With MPL |
0 1 1 | 0 Frevyyy 1
0 02 04 06 08 1 1.2 0 02 04 06 08 1 1.2
(@) I-V curves (b) IR overpotential
0.6 0.6
05 TF20AA 0.5 1F20AA
<-20BA| T ~-20BA
04 ~20BC| 04 ! - lz-208c
0.3 J
0.2
0.1 With MPL |
0 ? Ty | |
0 02 04 06 08 1 1.2 0 02 04 06 0.8 1 1.2
(c) Activation overpotential (d) Concentration overpotential

Figure 1.11 The I-V and overpotentials of commercial bare GDL and GDL with MPL under mild humidity
conditions (100%RH) [82].
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Figure 1.12 The I-V and overpotentials of hydrophobic MPL coated GDL under different humidity
conditions [82].

Hence, the hydrophobic MPL serves a dual purpose: facilitating water removal from the
catalyst layer during high humidity and high current density conditions and preventing
membrane dehydration in low humidity environments. This dual functionality efficiently
manages water in PEFCs, successfully minimizing the Ro2 [84,85]. The strategic incorporation
of hydrophobic MPL coated GDLs elevates the adaptability of PEFCs to diverse environmental
conditions, ultimately optimizing their overall performance. Although the hydrophobic MPL
coated GDL could improve PEFC performance to a certain extent by certain water management
capabilities under some conditions, to improve the performance of PEFC further, modification

of geometric parameters and properties is necessary.
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1.2.1 The Target Performance from NEDO

Before the novel MPL coated GDL design process, it is also necessary to determine the
development target, such as performance evaluation methods and target performance values.
To gradually realize the power density enhancement of PEFCs utilized in HDV, the Japanese
Industrial Technology Development Organization (NEDO) roadmap outlines specific targets
for the I-V curve, as illustrated in Figure 1.13 [86]. By 2030, the beginning of life (BOL)
condition should reach 0.7 V at 3 A cm™, which aims to increase output power more than the
PEFC in the second generation of Toyota MIRAI vehicles. Eq. (1.16) is employed to introduce
changes in activation, gas diffusion resistance, and ohmic resistance relative to the existing I-
V characteristics. This equation allows for a quantification of the impact of samples on
activation, gas diffusion resistance, and other parameters influencing the 1-V curve

characteristics.

V=V —R i—glo (i)—glo L (1.16)
ocv ol T w g io oF g Co R L .
02 02 FF

where V is voltage, Rq is the ohmic resistance (Q2), Vocv IS the open circuit voltage (V), Crer IS

the standard oxygen concentration.
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Figure 1.13 The NEDO future target of the characteristics of I-V curves [86].
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Therefore, reaching these targets necessitates the development of mass production process
technologies, with a critical approach being the reduction of GDL area through increased power
density. NEDO has emphasized the significance of prioritizing Rp over Rnp throughout its
research and development endeavors. The focal point is to decrease the Ro2 and achieve a target
molecular diffusion resistance R, lower than 18 s m™ under 100 kPa abs, 80%RH with a cell
temperature of 80<C for GDL by 2030. Based on the target established, the developed MPL
coated GDLs were tested to obtain the resistance values for evaluation and comparison with

these targets.
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1.3 The MPL Modification to Enhance PEFC Performance

Having identified the positive function of the MPL, the next step involves the development
of MPL coated GDL with enhanced performance. The goal is to improve water management
for increased power output and reduced resistance to oxygen transport. Various modifications

are detailed below to achieve these objectives.

1.3.1 The Hydrophobicity Modification

The most straightforward way to enhance performance is by adjusting the hydrophobic
component in the microporous layer. This alteration influences the contact angle and, in turn,
impacts the capillary pressure of liquid water. In Figure 1.14(a) and (b), Kitahara et al.
summarized that the PEFC performance improves when the amount of PTFE in MPL (average
flow pore diameter dm=1 pm, MPL thickness hmpL=180 um) was reduced to 5% to minimize
water repellency under dry conditions. In contrast, the amount of PTFE in MPL (dm =3 um,
hmpe =90 um) was set to 20% to increase water repellency moderately, and flooding will be
significantly reduced. However, if the amount of PTFE was too much, the strong
hydrophobicity prevented the elimination of liquid water and increased oxygen transport

resistance [87].
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Figure 1.14 The I-V curves of hydrophobic MPL coated GDLs with different hydrophobicity and average
pore diameters under different humidity conditions [87].

Velayutham et al. found that the carbon cloth-based gas diffusion layer (GDL) attained its
highest PEFC performance when the polytetrafluoroethylene (PTFE) content reached 35 wt%

[88]. Latorrata et al. proposed the strategy of employing perfluoropolyether (PFPE)
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functionalization, which was adopted as an innovative hydrophobic treatment for GDL.
Experimental evaluations demonstrated notable advancements when utilizing pure PFPE-based
GDLs, which manifested clearly in the overall electrical performance and mitigating diffusive
constraints, particularly under high-current density conditions [89]. Oztirk et al. aimed to
address water management issues by preparing hydrophobic MPLs using polydimethylsiloxane
(PDMS) polymers with different molecular weights and conventional fluoropolymers like
PTFE and fluorinated ethylene propylene (FEP). The cell with the lowest carbon-loaded PTFE-
MPL demonstrated conceivable performance, while cells with FEP-MPLs vyielded
unsatisfactory results. PDMS emerged as the most suitable polymer, delivering the best cell
performance. The findings emphasized the importance of optimizing the hydrophobic polymer
content in the MPL when different hydrophobic materials were used to maintain moderate
water management [90,91]. Ong et al. developed an MPL using PVVDF as the hydrophobic
material. They explored the impact of preparative parameters, including polyvinylidene
fluoride (PVDF) concentration, PVVDF/electrically conductive filler ratio, and PVDF solvent,
on MPL thickness, resistance, and gas permeability. These findings justified the appropriate
utilization of PVDF for cell performance improvements [92]. Cho et al. also used PVDF as
hydrophobic binder to prepare hydrophobic MPL, and proved the PVDF is suitable for MPL
design and improve the water management in the cell [93].

Kitahara et al. aimed to elucidate how MPL design parameters impact PEFC performance.
The optimal strategies to improve PEFC performance under low humidity conditions involved
reducing the pore diameter of the MPL and PTFE content. Furthermore, it moderately reduced
mean pore diameter and kept the PTFE content to 20% under high humidification conditions,
effectively preventing flooding. If the amount of PTFE was too much, the strong
hydrophobicity prevented the elimination of liquid water and increased oxygen transport
resistance. Therefore, the design parameter requirements for the hydrophobic microporous
layer are different under different humidity conditions [86]. Wong et al. reported the same
situation. They thoroughly investigated the impact of PTFE in standalone MPLs on mass
transport and membrane hydration. They highlighted a crucial tradeoff when augmenting the
PTFE content within the MPL. Specifically, a higher PTFE content resulted in an increased

accumulation of liquid water near the catalyst layer. While beneficial for enhancing membrane
22



hydration and proton conductivity, this phenomenon also led to a notable rise in mass transport
resistance [94]. Can et al. introduced a novel approach by incorporating superhydrophobic
fluorinated carbon powder into the MPL to reduce the required PTFE content. The integration
of fluorinated carbon led to a notable increase in the water contact angle of the MPL, elevating
it from 131<to 151 < Additionally, the MPL with fluorinated carbon exhibited reduced oxygen
transport resistance, particularly under high humidity conditions [95]. Weng et al. explored the
effects of integrating an MPL with a hydrophobic gradient design on PEFC performance. This
configuration facilitated enhanced water retention within the membrane, ensuring efficient
humidification and subsequently amplifying cell performance, particularly under low RH
conditions. Under high RH conditions, the gradient MPL demonstrated proficiency in
effectively expelling water from the electrode but also led to degraded mass transfer, which
reminded us that balanced gas-liquid transport must be considered during the MPL design [96].

Thus, the hydrophobic MPL could not always provide favorable water management to
enhance PEFC performance with the different humidity conditions because of the relatively
weak robustness to the humidity variation [28,85,97]. To achieve further performance
enhancement, researchers first developed varieties of hydrophobic MPLs by modifying the
geometry parameters in hydrophobic MPLs through special treatment to create more pathways

for water expelled from the interface between the catalyst layer and MPL.
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1.3.2 The Porosity and Pore Size Distribution

In addition to changing the hydrophilicity and hydrophobicity of the MPL coated GDL, the
pore size distribution (PSD) and porosity modifications are the primary and essential methods
to influence the water management manner of the MPL coated GDL. The porosity and pore
size distribution are intrinsically linked to factors like slurry viscosity, coating thickness, and
drying process, each with potential variations [98,99]. The MPL coating applied to the GDL is
a practical means to modify porosity and pore size distribution. This technique creates
significantly different porous structures within the microporous and gas diffusion layers,
resulting in porosity and pore size gradients that enhance overall performance.

Kitahara et al. found that the influence of the MPL mean pore diameter is shown in Figure
1.15(a) and (b). The dry-up robustness is improved by reducing the dm of MPL (hmpL =110 um,
PTFE content 20%) from 10 to 1um and reducing the air permeability in the thickness direction.
Reducing the average flow pore diameter dm of MPL from 10 to 3 um significantly improves
the flooding resistance. However, the power generation performance will decrease if the dm is
too small [86]. Zhan and their team explained the theory. They found that in uniform porosity
GDLs, gas diffusion increases with rising porosity and decreasing contact angle, and it also
improves with thinner GDL thickness. In contrast, GDLs with MPL exhibit more robust gas
diffusion with larger MPL porosity and thinner MPL thickness. When dealing with gradient
porosity GDLs with equivalent average porosity, the gas diffusion is more favorable with a
steeper porosity gradient [100]. Chun et al. investigated the pore size distribution of the MPL
by using the self-made GDL. They carefully controlled the pore size distribution by applying
pore-forming agents under different drying conditions. They found that the high drying
temperature brought more macro pores but fewer micro pores in MPL than in low-temperature
drying and proposed that the optimum pore size distribution of the MPL depended on the cell
operation humidification conditions [101]. Simon et al. fabricated hydrophobic MPL with
larger pores using a thermally decomposable polymeric pore-former with a specific particle
diameter. When liquid water entered the MPL, these larger hydrophobic pores reduced the
capillary pressure, so liquid water could only be transported through these large pores. Instead,

oxygen transport occurred in the small pores defined by the carbon black structure. They
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demonstrated that the gas-liquid transport balance could be maintained by constructing separate
liquid water transport channels and gas transport channels by creating pore structures with
different characteristics in the same MPL [34]. Athanasaki et al. employed polyethylene glycol
(PEG) as a pore-forming agent to produce GDL samples with MPL devoid of cracks. They
examined that enlarged pore volume in the hydrophobic MPL could significantly enhance
water management from 60%RH to 100%RH conditions [102]. Kartouzian et al. reported
similar findings by testing MPLs with distinct porosity distributions. The results suggested that
introducing micropores into the MPL structure facilitated the removal of excess water through
these pores, thereby allowing smaller pores to remain accessible for reaction gases [103]. Lin
et al. prepared an innovative GDL that combined the acetylene black carbon and Vulcan XC-
72, resulting in a well-balanced pore structure that enhanced the efficient transport of reaction
gases and liquid water [104]. Tanuma et al. experimented with crafting hydrophilic MPLs with
varying pore volumes, employing a selection of carbon materials [105]. They meticulously
examined mass transfer loss at a high current density of 2.0 A/cm=o indicate water flooding
within the cathode catalyst layer. The observed relationship between mass transfer loss and
MPL pore volume was apparent. Notably, it became evident that as the MPL pore volume
increased, the mass transfer loss decreased proportionally. This outcome underscores the
profound impact of MPL pore volume on the performance of the MEA. It highlights that
hydrophilic MPLs endowed with larger pore volumes are influential in mitigating water

flooding within the cathode catalyst layer.
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Figure 1.15 The I-V curves from hydrophobic MPL coated GDLs with different mean pore diameters [87].
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1.3.3 The Gradient Pore Structure

The pore gradient can also contribute to the performance variation except for the porosity
and pore size distribution modifications. Benefiting from the layers configuration of the MPL
coated GDL, it is easy to control the pore size of each layer by a unique fabrication method and
to utilize the pore former. Figure 1.16, discussed by Tang et al., reported that the graded pore
diameter can create a difference in capillary forces according to Eq. (1.14) [106]. The
comparative study examined fuel cells that incorporated MPLs with graded pores (GMPLS)
and those using conventional uniform MPLs. The results indicate that GMPL-equipped fuel
cells outperform their counterparts with uniform MPLs, especially under high current densities.
A micro-porous layer with graded porosity significantly enhances the fuel cell reaction process.
This improvement is likely due to the more effective transport of liquid water through the larger
pores and the efficient diffusion of gases through the smaller pores in the GMPLSs. This positive
effect can be attributed to the increased capillary force generated by the porosity gradient in

the MPL, consequently boosting the electrode water expulsion capacity.

(a) pore (b)

Fd<‘ // \ d,
F, e water\\ < T F,
T : micro-porous layer
catalyst layer
d,

Figure 1.16 Two different pore structures of MPL.: (a) Straight pore shape and (b) graded pore structure [106].

Lin et al. demonstrated a consistent water-expelling tendency, establishing that the pressure
difference is the primary driving force for water removal [107]. They established three pore
structural models based on the MPL coated GDL, one without gradient and two with gradient
porosity, denoted as G-P-1 and G-P-2. In the case of G-P-1, where a large pore is situated near
the CL and a small pore is near the substrate, the capillary pressure tendency opposes water
removal. This is illustrated in Figure 1.17, where the high-pressure region extends to the middle
of the channel, limiting the fluid velocity at the CL-MPL interface. Consequently, the MEA

containing G-P-1 exhibits a higher mass transfer resistance than the MEA containing G-P-2,
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as observed in the polarization curves. In contrast, for G-P-2, the capillary pressure tendency
and water removal align in the same direction. The high-pressure region is confined to the inlet
of the channel, facilitating accelerated interfacial water removal. Additionally, when compared
to G-H-1 and G-H-2, the gradient-porous structure of G-P-2 offers more channels for rapid gas
permeation in dry conditions and directional capillary pressure for swift water removal in wet
conditions. As a result, the G-P-2 system proves to be optimal for high-performance MEA

across varying humidity conditions.
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Figure 1.17 The (a) schematic of different pore structures and (b) pressure distribution in the model [107].

Li et al. engineered GDLs that incorporated graded pores skillfully tailored with the pore-
forming agent CaCOz. Their investigation uncovered an intriguing trend: as the GDL thickness
decreased, there was an initial increase, followed by a subsequent decrease in pores falling
within the size range of 20 to 100 um and 7 to 20 um. The insights highlighted that the fuel
cell with a 240 pm-thick GDL experienced minimal voltage loss and exhibited reduced material
transmission impedance by establishing the remarkable capacity to bolster the water transfer
capabilities [108]. Ko et al. discovered that GDLs with a moderate pore gradient perform better
under various relative humidity (RH) conditions [109]. This performance variation is closely

linked to water distribution analysis, quantified through X-ray visualization. Significantly, the
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pore gradient GDL reduces water content, mitigating concentration overpotential and
enhancing performance in high RH conditions. However, under low relative humidity, reduced
liquid water content leads to membrane dehydration, resulting in decreased performance,
especially with GDLs featuring a high pore gradient. Notably, the highest version is not
necessarily associated with the most significant pore gradient, and the impact of the pore
gradient becomes more pronounced when ample water is available. Zhao and their team
embarked on developing a two-stage MPL characterized by a gradient pore size structure [110].
This inventive MPL was crafted using hydrophobic PTFE, the pore-forming agent NaHCOg3,
and a conductive carbon black material. Their research illuminated that adjusting the
proportions of the pore-forming agent in the MPL to modulate porosity and pore size
distribution resulted in an enhanced capillary pressure difference within the GDL. By
incorporating varying ratios of pore-forming agents, they increased the number of 7-20 pm
pore sizes to facilitate air transmission and introduced 20-50 pum pore sizes to enhance water
management within the GDL. Oh et al. innovatively created a gradient in pore sizes by
constructing a dual-layered substrate using carbon fibers of varying lengths [111]. Detailed
SEM and Hg porosimetry examinations revealed an intriguing pattern: smaller macro pores
clustered near the MPL, while larger macro pores predominated closer to the substrate surface.
This transformative structural adjustment heightened steady-state performance and magnified
transient response and voltage stability within PEFCs, regardless of prevailing humidity
conditions. This favorable outcome can be attributed to the dual roles played by the smaller
macro pores, which enhance water retention within the membrane, and the larger macro pores,
which simultaneously facilitate efficient water removal through the channels. Furthermore, the
introduction of the pore size gradient structure positively impacted the bending stiffness of the

GDL, underscoring its potential to enhance the durability of PEMFCs.
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1.3.4 The Self-Standing Design

Besides the conventional MPL applied to GDLs, researchers are also exploring self-
standing microporous layers as an alternative approach. Standing-free MPL has the potential
to significantly mitigate ohmic overpotential and high thermal conduct arising from substrate
thickness because the standing-free MPL can be produced in a very thin thickness.

Kim et al. researched using an MWCNTSs sheet as an MPL in PEFC. The investigation
revealed that the cell incorporating a 15-mm-thick CNT sheet MPL exhibited significantly
enhanced electrochemical performance, surpassing conventional MPL coated GDL [112].
Electrochemical impedance analyses indicated that the CNT sheet MPL effectively reduced
charge transfer resistance, enhancing reaction kinetics and mass transport within the MPL. Ito
etal. investigated the intrinsic influence of standing-free MPL properties on PEFC performance
in Figure 1.18 [113]. Cell performance tests demonstrated that the self-supporting MPL notably
performs better than conventional MPLs. They believed the low thermal conductivity of the
standing-free MPL led to elevated temperatures within the GDL.

Consequently, vapor diffusion became the dominant mechanism for transporting product
water through the MPL. Chen-Yang et al. designed a series of PTFE/carbon black composite-
based single-layer standing-free MPL, successfully prepared from carbon black and un-
sintered PTFE [114]. This novel MPL indicated that the PTFE resins were homogeneously
dispersed in the carbon black matrix and exhibited good mechanical properties, high gas
permeability, and sufficient water repellency. Duan et al. employed a carbon nanofiber sheet
(CNFS) produced through electrospinning, stabilization, and subsequent carbonization
procedures [115]. The SEM images in Figure 1.19 revealed that the CNFS consisted of
interwoven nanofibers measuring 400 to 700 nm in diameter, displaying exceptional electrical
conductivity and hydrophobic properties. When utilized as an MPL coated GDL, the CNFS-
enhanced GDL exhibited superior gas permeability and achieved higher peak power density
than a cathode GDL incorporating a traditional MPL under identical test conditions. Cho et al.
also introduced an approach by fabricating self-standing microporous layers (SSMPLs) that
integrated PVDF as a binder [93]. Their investigation encompassed the underlying mechanism

that elevated the performance of PEFCs by implementing PVDF-bound SSMPL. Moreover,
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the study provided valuable insights into the water transport mechanism across each MPL,

contributing to a deeper understanding of their functionality.

—MPL

100 pm

(a) GDL with MPL (b) MPL

Figure 1.18 SEM images of cross-sections of GDL samples: (a) GDL with MPL, (b) MPL [113].

(a) Surface of a CNFS (b) Cross-section of a CNFS

Figure 1.19 SEM images of the surface (a) and cross-section (b) of a CNFS [115].
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1.3.5 The Hydrophilic Materials Introduction

Although the hydrophobic MPL coated GDL can meet the demands for regulating the water
content from normal to humid conditions, it cannot further improve cell performance by
enhancing water management. From the analysis of hydrophobic samples, it can be known that
reducing pc can effectively reduce the difficulty of liquid water passing through the gas
diffusion medium.

Therefore, adding hydrophilic materials to the microporous layer is feasible [37,53,85].
Researchers developed varieties of novel hydrophilic MPLs to enhance performance by adding
hydrophilic materials or special treatments to create more pathways for water expelled from
the interface between the catalyst layer and MPL. Inserting hydrophilic materials directly into
hydrophobic MPL coated GDLs can solve the management needs of liquid water under
different humidity conditions, in which the incorporated hydrophilic region can be the liquid
water pathways under high humidity and retain water when in dry conditions.

Spernjak investigated two variations of MPLs, one featuring 30um hydrophilic
aluminosilicate fibers and the other incorporating multi-walled carbon nanotubes (MWCNTS)
with a domain size of 5um. These MPLSs resided in their capacity to optimize removing liquid
water from the cathode catalyst layer [116]. Kitahara et al. developed a new hydrophilic and
hydrophobic double MPL coated GDL to improve the water introduction into the hydrophobic
layer, as shown in Figure 1.20 [117,118]. Additionally, a hydrophobic MPL coated GDL
containing hydrophilic carbon nanotubes (CNTSs) was also designed, in which the hydrophilic
CNTs worked as the hydrophilic water transport channels to enhance liquid water expelling
from the CL, as shown in Figure 1.21, the excellent gas-liquid transport balance achieved PEFC
performance improvement regardless of the humidity conditions [119]. They proved that the
multiple layers of MPLs effectively decreased the oxygen transport resistance under low and
high humidity conditions because the top hydrophilic layer effectively expelled water from the

catalyst layer [120].

31



Substrate
Substrate
MPL
(PTFE10~40%)
MPL(PTFE30%) =
Hydrophilic MPL
(a) Hydrophobic MPL (b) Double MPL
Substrate Substrate
MPL(PTFE10%) MPL(PTFE40%)
MPL(PTFE30%) MPL(PTFE30%)
Hydrophilic MPL Hydrophilic MPL

(c) Triple MPL

Figure 1.20 The schematic diagram of double MPL and triple MPL coated GDLs [117].
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Figure 1.21 The influence of (a) hydrophobic MPL and hydrophilic double MPL, (b) hydrophilic double
MPL and hydrophilic triple MPL on PEFC performance [117].
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Ahn et al. demonstrated that regulating the hydrophilicity of the MPL has a beneficial effect
on water management in a PEFC [121]. The hydrophilic MPL exhibits a more robust capacity
for excess liquid absorption from the catalyst layer than the hydrophobic MPL, which enhances
the accessibility of oxygen to the active sites as an excess liquid near the catalyst agglomerates
is rapidly expelled. Tanuma et al. studied the hydrophobicity and hydrophilicity of GDLs in
water management characteristics and concluded that the hydrophilic MPL was suitable for
preventing flooding [122,123]. Excellent performance was shown under dry and wet conditions
when utilizing hydrophilic MPL [124]. They also designed a double MPL coated GDL
composed of carbon fiber and a hydrophilic polymer, as shown in Figure 1.22(a). This double
MPL presented different properties in different layers, which exhibited excellent performance
under high and low humidity conditions. However, Simon et al. found that compared to
hydrophobic MPL, purely hydrophilic MPL exhibited performance degradation due to the high
water saturation. They prepared the MPL of different acetylene black and vapor-grown carbon
fiber (VGCF) ratios with hydrophobic PTFE or hydrophilic perfluorosulfonic acid (PFSA)
ionomer binders were studied. Liquid water invaded all pores indiscriminately in the pure
hydrophilic MPL, occupying gas transmission paths and destroying the gas-liquid transport
balance [125]. Therefore, the distribution and configuration of hydrophilic materials in the
MPL should be carefully handled to avoid the diffusion of hydrophilic properties into all pore
structures, causing an overall reduction of capillary forces and high water saturation. Schweiss
et al. also introduced a strategy for enhancing PEFC performance at high current densities by
incorporating hydrophilic wicking agents into the cathode MPL, as shown in Figure 1.22(b),
which the observed positive effect could be attributed to improved removal of liquid water
through the locally controlled placement of hydrophilic patterns in the MPL [126]. Wang et al.
undertook a novel MPL with planar-distributed wettability, in which hydrophilic and
hydrophobic rows were arrayed alternately in the in-plane direction but did not achieve further
performance enhancement under relatively high humidity conditions, as shown in Figure

1.22(c) [127].

33



Alum_inosilicate Fibér 7+ ",

Det WD BExp |——+— bym
SE__10.6 1 SGL

k‘_‘ 0" 1000x GOE 9.8 S P .
(a) Double MPL coated GDL. (b) MPL incorporates hydrophilic wicking agents.

Hydrophilic ~ Hydrophobic
MPL MPL

(c) Alternated hydrophilic and hydrophobic MPLs in the in-plane direction.

Figure 1.22 The different treatments to create water pathways in the MPL coated GDLs: (a) double MPL
coated GDL [124], (b) MPL incorporates hydrophilic wicking agents [126], (c) alternated hydrophilic and
hydrophobic MPLs in the in-plane direction [127].
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1.3.6 The Perforation Modification

Creating an MPL with varying pore sizes and both hydrophilic and hydrophobic
characteristics within the same layer can be challenging solely by manipulating the mud
properties and the production process. Consequently, employing laser light and other methods
to craft artificial holes with diverse sizes and properties is an ideal solution. Lin et al. observed
that perforated cracks serve a dual role through the 3D lattice Boltzmann method (LBM): not
only do they decrease capillary resistance and water saturation, but they also encourage the
transition of liquid water from capillary fingering to viscous fingering [128]. This transition
enhances the permeability of liquid water in the through-plane direction while reducing
percolation in the in-plane direction. Furthermore, it is noteworthy that the liquid water within
these perforated cracks shows limited sensitivity to the wettability of the MPL.

Manahan et al. used the ytterbium fiber laser to cut PTFE-based bi-layered diffusion media
(DM) to create hydrophilic perforated holes with 100 um diameter. The PTFE in the holes and
vicinity area was also burned out to make the hydrophilic zone. These holes and regions
brought significant water accumulation in the MPL, as shown in Figure 1.23(a), resulting in
local flooding and low performance under highly humid conditions [129]. This sample was
compared to the sample with HAZ but without perforations in Figure 1.23(b). Under low
humidity and low-to-moderate current densities, the MPL facilitates water back-diffusion from
the cathode to the anode. Conversely, as more water is produced or inlet streams approach
saturation, the MPL transforms into a barrier, impeding the movement of liquid water. The
hydrophilic HAZ was further recognized as a passive humidifier and water redistributor in dry
conditions, reducing membrane and CL resistance during polarization testing.

Alink et al. obtained the same conclusion that laser perforation holes led to poor
performance. When employing mechanical perforation, measures can be taken to prevent side
effects, and experimental techniques show indications of a beneficial drainage effect.
Surprisingly, the anticipated improvement in cell performance due to increased oxygen
diffusivity resulting from reduced saturation near the holes is not observed. Instead, the limiting

factor for oxygen diffusivity appears to be the liquid water in the interface between the catalyst
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layer and the MPL. Perforations effectively drain this interfacial water, but exposing the MEA

leads to dehydration in drying conditions, as shown in Figure 1.23(c) and (d) [130].

(a) MPL with HAZ and DM perforation. (b) MPL with HAZ but without DM perforation.

(c) Fiber structure after drilling hole. (d) MPL side after drilling hole.

Figure 1.23 The SEM images of the MPL sample after (a) laser perforations with and (b) without DM
perforation [129] and (c¢) machined perforations by drills at the fiber side and (d) MPL side [130].

In summary, establishing separate gas and liquid water transmission channels within the
same MPL could enhance performance. One feasible approach was incorporating a hydrophilic
pore structure into the hydrophobic MPL coated GDL. The intentionally created hydrophilic
pores facilitated the removal of liquid water from the catalyst layer, mitigating flooding effects.
The balance between the reduction of oxygen transport and the alleviation of flooding should
be adjusted by the configuration form and ratio of hydrophilic and hydrophobic pores to

achieve optimal liquid water and oxygen transport within the cell.

36



1.4 The Water Management Limitation of the Present MPL Coated GDL

While various modifications have demonstrated performance improvements under specific
conditions, achieving consistent enhancement remains challenging, particularly under low and
high humidities and high current densities, because the MPL coated GDL may not consistently
maintain an optimal balance between water and gas diffusion across all conditions. These
limitations are evident in both water distribution results from visualization and modeling

calculations.

1.4.1 The Water Distribution Observation of MPL Coated GDL in PEFC

Banerjee et al. achieved a comparable result using in-operando synchrotron X-ray
radiography [131]. Water saturation was stabilized under high current density conditions in
commercial MPL coated GDL (SGL 25BC). Simultaneously, higher current density increased
water saturation, accumulating significant liquid water at the CL/MPL interface.

Similarly, Naito and colleagues highlighted this issue, utilizing X-ray imaging to expose
flooding in the cathode-side catalyst layer when employing conventional hydrophobic and
hydrophilic MPL coated GDLs, as depicted in Figure 1.24 [132]. With increased current
density, a large amount of liquid water accumulated under the rib region, and the hydrophobic
MPL faced difficulties promptly removing excess produced water, potentially leading to
problems like catalyst layer flooding. The flooding can be observed in Figure 1.24(b), in which
the water did not appear in the MPL but generated a thin water film at the MPL/CL interface,
reducing the efficient diffusion of reactant gases to the catalyst sites. Both water visualizations
suggested the same phenomenon: the hydrophobic MPL coated GDL raised the liquid water
accumulation at the interface, which prevented oxygen diffusion to the CL.

Meanwhile, due to the introduction of the hydrophilic MPL, the water distribution in the
cell is utterly changed by hydrophilicity, as shown in Figure 1.24(c) and (d). Unlikely when
applying hydrophobic MPL coated GDL, the liquid water absorbed and accumulated in the
hydrophilic MPL, leading to worse oxygen diffusion. Besides, the visualization reveals that
liquid water in the MPL becomes apparent after accumulating from the rib surface and reaching
the MPL region. This observation suggests that the hydrophilic MPL can also draw liquid water

from the substrate side. This result supports the findings from Aoyama et al.. that liquid water
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tends to be drawn from the CL and accumulates in hydrophilic MPLs, then evaporates to

maintain oxygen transport [133].
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Figure 1.24 Liquid water distribution in hydrophilic MPL coated GDL under low and high current density
conditions [132].

Shrestha et al. revealed the potential for tailoring the wettability of the GDL to optimize
performance under specific conditions without humidification by carefully balancing
membrane hydration and oxygen transport [134]. The tri-MPLs consisting of hydrophilic MPL
and hydrophobic MPL significantly improved the performance of PEFCs because the
hydrophilic MPL resulted in a notable increase in cell potential and was attributed to enhanced
membrane hydration but also led to excessive liquid water accumulation at the cathode GDL,
subsequently causing an increase in oxygen transport resistance at high current densities under
the rib region, as shown in Figure 1.25. The hydrophilic MPL coating, aimed at enhancing
membrane hydration, inadvertently increased cathode mass transport resistance and oxygen
diffusive time. This phenomenon can be linked to the heightened liquid water saturation within

the cathode GDL, subsequently causing a reduction in effective porosity and an increase in the
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tortuosity of open pore space. These alterations can potentially impede oxygen transport from
the flow field to the reaction sites, ultimately decreasing the effective diffusion coefficient of
oxygen within the cathode GDL. Despite these challenges, the study findings underscore that
the benefits derived from improved membrane hydration, facilitated by the hydrophilic MPL
coating, outweigh the setbacks caused by the obstruction of oxygen transport pathways.

From a broader perspective, careful consideration of hydrophilicity modification is crucial
in designing MPLs and GDLs to optimize fuel cell performance, especially in scenarios where

external humidification is not employed.
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Figure 1.25 The liquid water thickness profile along the through-plane direction under the rib region [134].
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1.4.2 The Water Distribution Simulation of MPL Coated GDL in PEFC

Except for water visualization, the model simulation also illustrates the water distribution
of the MPL coated GDL. Hou et al. utilized Eq.(1.14) to present simulation results indicating
that a pronounced hydrophobicity results in elevated local pc [135]. The strong hydrophobicity
impeded water transport, allowing water to permeate MPL under exceptionally high inlet
pressure, as illustrated in Figure 1.26(a). A notable portion of water was confined, while the
remaining water flowed into the GDL through larger pores with more miniature pc.
Additionally, a high contact angle in the MPL contributed significantly to the increased dry
pore fraction, as depicted in Figure 1.26(b). As a result, the robust hydrophobicity gave rise to
challenges in the diffusion of liquid water because of the substantial water trapping within the

electrode due to the high p. caused by the increased contact angle.
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Figure 1.26 Simulation of water transport inside MPL under different hydrophobicity (a) illustrations of
water transport inside MPL and (b) dry pore fraction along the thickness direction [135].
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However, continuing to increase the hydrophobicity of the MPL does not lead to more
significant improvements in performance. Based on the simulation from Lin et al., the
polarization curves of PEFCs with MPLs of various hydrophilicity are shown in Figure 1.27
[136]. The contact angle of 95<leads to significant concentration loss, resulting in a limited
PEFC performance with a small limiting current density under relatively dry conditions.
Enhancing the hydrophobicity of MPL proved to be effective in improving PEFC performance.
Increasing the contact angle of MPL from 95 to 135<resulted in a remarkable promotion in
limiting current density. The improved fuel cell performance was attributed to good oxygen
transport by diminished liquid water saturation in the CL, MPL, and GDL. However, further
increasing the contact angle cannot significantly increase the limiting current density. Even
though their simulation did not mention it, the increased strong hydrophobicity brought water

flooding under high humidity conditions [87,92].
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Figure 1.27 Effects of contact angle of MPL on cell performance [136].

From all of the above, researchers have explored enhancing the performance under dry
conditions by adjusting the PTFE content and creating a PTFE concentration gradient [137].
However, it is essential to recognize that the hydrophobic MPL may not always provide optimal
water management capabilities, especially under high humidity conditions [84]. To address this

limitation and improve PEFC performance under low and high humidity conditions,
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introducing hydrophilicity into the MPL becomes a pivotal method for lowering the pc and

alleviating flooding.
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1.4.3 The Water Distribution of the MPL Coated GDL with Cracks

On the MPL surface, the cracks are usually generated during the MPL slurry drying process
and bring large pores, which utterly change the pore distribution and water transport paths.
Fishman et al. employed microscale computed tomography to assess the through-plane porosity
distributions of MPL coated commercial paper and felt GDLs, specifically using SGL 10BB,
SGL 25BC, and SGL 35BC. Analysis of cross-sectional images revealed that cracks were
generated and the locations usually aligned with adjacent fiber locations, suggesting an
influence of fibers on the occurrence of cracks in the MPL, and the porosity in the central area
of the cracked MPL consistently decreased toward the catalyst layer side [138].

Dai et al. delved deep into the liquid water transport within 3D models of non-crack MPL
and those with cracks [139]. They unveiled the significantly enhanced flow velocities observed
within the cracks and larger interconnected pores. Applying a linear gradient pressure to both
sides of the MPL prompted liquid water to coalesce and infiltrate the broad pores on the
surfaces of the cracks, establishing a stable reservoir for water storage within these fissures.
When maintaining a constant MPL porosity, the non-cracked MPL exhibited higher
permeability than the cracked MPL average permeability, which suggested that the larger
average pores among the carbon particles facilitated more efficient transport than the
interconnected cracked pores.

Sasabe et al. conducted a study to examine the impact of cracks within the MPL on liquid
water transport in operational PEFCs [140]. They employed soft X-ray radiography to examine
liquid water, as shown visually in Figure 1.28. Their findings revealed that liquid water flowed
through cracks in the MPL, while the liquid water was not present in the MPL but accumulated
at the interface between the CL and the MPL. This lack of liquid water in the MPL is attributed
to its highly hydrophobic nature, which hinders water access to the substrate layer. These
results suggest larger pores or cracks in the MPL are conduits for liquid water to reach the
substrate layer, while smaller pores facilitate gas transport. Wang et al. initiated the
development of an MPL with varying ratios of intersected crack area (RICA) values, explicitly
focusing on the presence of intersected cracks, as shown in Figure 1.29 [141]. Their

investigation yielded compelling results, showcasing a solid connection between higher RICA
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values and increased gas and water permeability within the MPL. A particularly striking
observation was the nearly threefold rise in water permeability. Additionally, the current
density at the dry-wet boundary exhibited a noteworthy and positive enhancement. These

findings robustly underscored the pivotal role of intersected cracks in fortifying gas and water

management capabilities.

Oﬂetachment

(a) The MPL surface. (b) The cross-sectional image of the GDL.

Figure 1.28 Micro-CT image of (a) the MPL surface and (b) the cross-sectional image of the GDL [140].

Figure 1.29 Micro-CT cross-section image of MPL with intersected cracks [141].

Niblett et al. employed CFD simulations with a segmented X-ray CT image of Toray
material to explore the impact of MPL crack dilation on GDL water cluster formation, as shown
in Figure 1.30 [142]. Increased MPL crack dilation led to extensive GDL water flooding,
enhancing connected water pathways and in-plane water movement. The presence of an MPL

established primary water cluster pathways, absent in GDLs without an MPL, emphasizing the
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need to minimize MPL cracking to reduce saturation levels, reducing the effect of local oxygen

distribution.

Inverse MPL cracks used for simulations Cracks dilate as area fraction increases

Figure 1.30 GDL microstructure with crack positions and specific crack growth shown from light to dark
blue and final MPL crack boundary conditions for water injection into the GDL [142].
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1.5 The Design Objectives of MPL Coated GDL

The present commercial hydrophobic MPL-coated GDL always have cracks on the surface,
as SGL 39BC is shown in Figure 1.31(a) [143]. As described in the previous section, the cracks
cause more severe flooding and water saturation in the MPL coated GDL and deteriorate
oxygen diffusion. Besides, a rough surface will also reduce the contact area and cause higher
contact resistance. Therefore, preventing crack generation during the preparation process is
required for the in-house MPL-coated GDL, and a smooth surface should be created to avoid

the above problems, as shown in Figure 1.31(b).
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(a) SGL39BC with cracks. (b) In-house hydrophobic MPL without cracks.

Figure 1.31 The SEM photos of the (a) SGL 39BC without cracks [143] and (b) in-house hydrophobic MPL

without cracks.

To enhance the output power of PEFC systems and broaden their scope of utilization, it has
become increasingly crucial to focus on advancing GDL coated with MPL. From previous
sections, the hydrophobic MPL, in Figure 1.32(a), cannot improve its performance due to the
flooding always happening under high current density and humid conditions because the
hydrophobic MPL cannot afford sufficient water pathways. Introducing hydrophilic structures
into the hydrophobic MPL is a feasible solution to create water pathways and guarantee
hydrophobic structures as gas pathways, which is an ideal adjustment method for MPL dual-
function modification. In summary, incorporating hydrophilicity into the MPL coated GDL
results in elevated water saturation within the MPL, primarily due to the low pc rather than
increased water at the CL/MPL interface. The substantial water retention in the hydrophilic
MPL, in Figure 1.32(c), protects against MEA dehydration in dry conditions. However, this
increased water occupancy comes at a cost: the proportion of empty pores available for oxygen

transport diminishes, reducing oxygen diffusion to the CL and consequently negatively
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impacting cell performance. Therefore, the hydrophilicity and hydrophobicity combination is
changed from the different MPL configurations and utilized materials, so it is important to

investigate the appropriate compositions in the novel MPL coated GDLSs.
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Figure 1.32 The schematic diagrams of (a) hydrophobic MPL coated GDL, (b) double MPL coated GDL, (c)
hydrophilic MPL coated GDL, and(d) composite MPL coated GDL.

While numerous researchers have examined modifications to the MPL by incorporating
hydrophilic features, the specific design parameters for optimizing double MPLs to improve
PEFC performance have yet to be established in the existing literature. Therefore, this study
emphasized enhancing the performance of PEFCs in low and high-humidity environments by
introducing a suitable hydrophilic layer into the double MPL coated GDL, as shown in Figure
1.32(b), and revealing the relevant design parameter effects. The effectiveness of MPL in
preventing flooding was evaluated by measuring the oxygen transport resistance from the flow
channel through the GDL to the catalyst layer using the limiting current density in polarization
curves. The improved performance proved that the hydrophilic layer promoted the introduction
of liquid water into the hydrophobic pores in the double MPL, enhancing the ability of the MPL
to discharge water from the catalyst layer.

Even though the double MPL design reduced the oxygen transport resistance under high

humidity conditions, further reduction in the oxygen transport resistance was essential for
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enhancing the performance of heavy-duty PEFCs. Thus, a novel composite MPL design that
differs from the conventional method of creating an artificially selected hydrophilic area but
incorporates hydrophobic and hydrophilic pore structures distributed randomly within the same
layer was proposed, as shown in Figure 1.32(d). This enhanced the ability of the MPL to expel
excess water at the catalyst layer through hydrophilic pores while maintaining oxygen diffusion
pathways by hydrophobic pores. The effects of combinations of hydrophobic and hydrophilic
binders used in the composite MPL were evaluated to reduce the oxygen transport resistance

under high humidity conditions.
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1.6 Structure of Dissertation

This dissertation explores various configurations of MPL coated GDLs to improve cell
performance by addressing limitations from liquid water flooding and decreasing oxygen
transport resistance to meet the demands of the next generation of MPLs. To understand the
MPL design, the causes of flooding were analyzed, and different types of microporous layers
were considered, including double MPL and composite MPL. These various MPLs, when
combined with different substrates, exhibit distinct performance characteristics.

With the structure of the novel MPL defined, the MPL slurry preparation, slurry coating,
sample drying, and sintering processes were designed to produce a crack-free microporous
layer for the tests. Subsequent experiments analyzed the properties of MPL samples with
different ingredients, comparing their performance with traditional hydrophobic MPL samples
to identify the most effective MPL composition.

The double MPL coated GDL research revealed the potential benefits of adding
hydrophilicity to MPL for performance enhancement. Initially, a double MPL coated GDL was
explored, which featured a hydrophilic layer containing Nafion and TiO, coated on a
hydrophobic MPL. This hydrophilic layer facilitated the introduction of liquid water into the
hydrophobic pores in the double MPL, aiding in water removal from the catalyst layer.
Although the double MPL design reduced oxygen transport resistance under low and high
humidity conditions compared to the commercial hydrophobic MPL coated GDL and close to
the target evaluation standard from NEDO, further reduction was necessary to improve the
performance of PEFCs.

Subsequently, a novel composite MPL design was proposed, which deviated from the
conventional method of creating a selected hydrophilic area and instead incorporated randomly
distributed hydrophobic and hydrophilic pore structures within the same layer. This design
improved the ability to expel excess water while maintaining oxygen diffusion pathways in the
MPL. The appropriate combination of hydrophobic and hydrophilic binders in the composite
MPL reduced oxygen transport resistance under high saturated and normal conditions.

The detailed structure of this dissertation is as follows:
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Chapter 1 is the introduction section, revealing the target performance request and the
challenge of MPL coated GDL development in improving performance by ameliorating water
management. According to various research studies, developing the novel MPL coated GDL
iIs a reasonable solution to building appropriate water management to improve PEFC
performance.

Chapter 2 indicates all the experimental methods to evaluate the MPL properties and
performance. Different experimental methods were designed for MPL coated GDLs possessed
different structures.

Chapter 3 demonstrates an MPL configuration of double MPL coated GDL. The double
MPL coated GDL properties were obtained through the SEM images, surface pore and in-pore
contact angles, water breakthrough pressure, and water vapor permeance. The best double MPL
coated GDL ingredient was evaluated by measuring total oxygen transport resistance. Finally,
the oxygen transport resistance separation test was conducted to determine the effect of double
MPL coated GDL on alleviating flooding under high saturated conditions (200%RH, Tcei
=35<C).

Chapter 4 shows a novel design of composite MPL coated GDL. Firstly, the composite
MPL coated GDL preparation method was developed, and different MPL preparation methods
were evaluated through the water permeability test. Then, the properties of the different
candidate material combinations were evaluated by surface contact angles, and the
performance tests were finished to determine the most suitable combination. Still, the oxygen
transport resistance separation test was conducted to indicate the ability of composite MPL
coated GDL to alleviate flooding when applied to high saturated conditions (200%RH, Tcen
=35<C).

In Chapter 5, the evaluation of oxygen transmission impedance includes normal (80%RH,
Teen =80<C) conditions with high temperature and low humidity. A comparative analysis is
conducted on the total diffusion resistance, pressure-dependent and pressure-independent
transmission impedance of the two novel microporous layers under both high saturated
(200%RH, Tcen =35<C) and normal conditions, juxtaposed with the performance of the

commercial SGL 22BB. Additionally, the pressure-related transmission resistance of the new
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microporous layer under normal conditions is compared with the target values set by NEDO,
indicating that the new microporous layer satisfies the specified target requirements.

Chapter 6 summarizes each chapter and concludes that the newly developed microporous
layer has better water management capabilities under both high saturated and normal
conditions and is highly robust to changes in humidity within the cell, thus bringing about low
oxygen diffusion resistance and high performance. Finally, the prospective directions for future
research and development focus on the self-standing MPL containing composite microporous

layers coated carbon mesh with thin thickness.
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2. The Experimental and Analytical Methods

2.1 The Surface Contact Angle Measurement

Surface wettability is a physical parameter that reflects the inclination of liquid to interact
with a solid material. When a liquid contacts a solid surface, it creates a solid-liquid interface,
often displacing another substance (typically a vapor in ambient air experiments). The shape
of the resulting liquid droplet is determined by the interplay between cohesive forces among
like molecules in the liquid and adhesive forces between the solid and liquid phases.
Essentially, a solid surface with a strong affinity for the liquid phase tends to have a larger
solid-liquid contact area [144]. Conversely, in the presence of strong, cohesive forces within
the liquid, the liquid seeks to minimize its interaction with the solid surface to resist separation
between its molecules. To accurately evaluate the surface wettability of the MPL coated GDLSs,
the sessile droplet contact angle (CA) has become a widely adopted indicator of wettability
characteristics. In this method, a liquid water droplet is placed on the surface of interest and
allowed to spread, and the CA is determined by capturing the side-view profile of the droplet.
Figure 2.1 depicts the CA as the angle between the tangent lines at the solid-liquid and liquid-
air interfaces near the three-phase contact line. According to traditional wettability criteria,
materials with static CAs less than 90<are considered hydrophilic (attracting water), while
those with CAs exceeding 90<are deemed hydrophobic (repelling water). However, the CA
accuracy was always influenced by the sample surface roughness, and the measurement is

normally conducted with dry samples, so it is unsuitable for all conditions.

Hydrophobicity Hydrophilicity
6> 90° 6 <90°

Figure 2.1 Classification of surface wettability based on the contact angle () of a sessile droplet.
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2.2 Maximum Pore Diameter

Figure 2.2(a) illustrates the schematic diagram of the test apparatus used to measure the
maximum pore diameter dmax Of MPL coated GDLs. The GDL sample with a diameter of 13
mm was set between cylinder plates and sealing gaskets. To ensure that the sample remains in
a state similar to that during the 1-V characteristic test after being extruded by the metal plate,
a sealing gasket is used to adjust the thickness of the sample after compression. Usually, the
thickness of the sample after compression is about 80% of the original thickness. Specimens
of different thicknesses were combined with different spacers to achieve fixed compression
ratios. This method is followed to adjust the compression ratio in the subsequent assembly of
the sample seal.
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(a) The test apparatus used to measure the maximum pore diameter of the MPL.
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Figure 2.2 The schematic diagram of the (a) test apparatus used to measure the maximum pore diameter of
the MPL and (b) the equilibrium relationship between the low surface tension liquid and the air pressure.
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According to the ASTM (F316-86) standard test method, the tested sample was immersed
in a wetting liquid with low surface tension (0.0159 N m™) and a contact angle of 0<under
vacuum conditions to fill out the pores. The mass flow controller (MFC) regulated the air flow
rate and supplied to the sample surface. As the pores were blocked by liquid, the air pressure
gradually increased. The minimum air pressure could be obtained when the liquid in the
maximum pore was blown out by supplying a through-plane air flow to the saturated sample.
The maximum pore diameter dmax could be calculated by the following equilibrium relationship
in EQ.(2.1) between the liquid surface tension and the air pressure, and the equilibrium
relationship is shown in Figure 2.2(b).

—4y cos 0, 4
dmax = y pore E _y (2.1)
P, p

where dmax Was the maximum pore diameter, p was the air pressure, y was the surface tension

of wetting liquid (y=0.0159 N m™), and &pore Was the in-pore contact angle (Gpore =0°9.
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2.3 The Water Permeability and Water Breakthrough Pressure Measurement

The water permeability test employed the identical apparatus depicted in Figure 2.2(a), with
the distinction that a dry sample was utilized instead of one containing a liquid with low surface
tension. This test assesses the liquid water transport capability under varying supply pressures
applied to the samples. When liquid water was introduced to the sample surface, penetration
was impossible at lower pressures. With the increasing pressure, the point at which water
emerges on the lower surface is denoted as the water breakthrough pressure pwater, describing
the pressure at which water successfully permeates the sample, as shown in Figure 2.3. The

water permeability Qwater Was defined as the Eq. (2.2).

9w
Qwater = jter (22)

where Quater is the water permeability (cm min™), quater is the water flow rate (cm® min), and

A is the cross-sectional area of the tested sample (cm?).

Breakthrough
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5
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Figure 2.3 The schematic diagram of the equilibrium relationship between the supply water pressure and
water permeability.
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2.4 The In-pore Contact Angle Measurement

Measuring the CA encounters complexity due to the impact of surface roughness on dry
samples, posing a challenge to precisely characterizing material properties in dry conditions.
This becomes particularly critical when dealing with substances showcasing distinct behaviors
in dry and humid environments. To tackle this issue, an in-pore contact angle measurement
Gpore Was developed to determine the angle between the solid pore walls and the liquid surface.

After establishing the maximum pore diameter measurement, the Gpore measurement
process was initiated, transitioning from air to liquid water on the sample surface. The in-pore
contact angle measurement apparatus was the same as the schematic diagram in Figure 2.2(a),
where controlled airflow to propel liquid water from a tank through the sample. While assessing
the maximum pore diameter, a low surface tension liquid was selectively expelled from the
largest pore, with the remaining pores remaining filled. Subsequently, incoming water can only
traverse through the largest vacant pore, as shown in Figure 2.4. The water pressure at the
appearance of water on the lower side surface was recorded, and the pore diameter was deduced
from previous measurements to calculate the contact angle based on Eq. (2.3).

— _4ywater cos epore

Poater = d
max

(2.3)
where pwater IS the water pressure (equal to capillary pressure) (kPa), water tension ywater=0.0720

N m™, and the pore is the in-pore contact angle with water.
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Figure 2.4 The schematic diagram of the equilibrium relationship between the liquid water and the capillary

pressure.
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2.5 Water Vapor Permeance Measurements

Figure 2.5(a) depicts the water vapor permeance test apparatus. The MPL coated GDL was
placed between two stainless steel plates, each plate with a flow channel 1 mm wide, 20 mm
long, and 1 mm deep. Dry air and water were supplied to the upper and lower flow channels.
Liquid water was supplied from a water tank, where air pressure pushed the water surface and
maintained at 2 kPa by a pressure control valve. To prevent liquid water from passing through
the MPL coated GDL, the water supply pressure should be lower than the water breakthrough
pressure of the MPL. Thus, liquid water could not permeate the MPL coated GDL, allowing
only water vapor to reach the upper flow channel. The test was conducted at a constant
temperature of 35<C using a water circulation system. The amount of water vapor permeance
could be determined from relative humidity (RH) values at the inlet and outlet air measured by
dew point meters (Daiichi Kagaku - chilled mirror hygrometers), as shown in Figure 2.5(b).
The water vapor mass flow rate varied depending on the difference in the gas-liquid interface
in the MPL pores caused by the water supply pressure, pore diameter, and contact angle values
of the MPL.. Evaluating how much water vapor can diffuse from the lower channel to the upper
channel is necessary. Therefore, the water vapor permeance Qvapor Was defined as the water
vapor mass flow rate divided by the flow channel cross-sectional area of the MPL coated GDL
as Eq. (2.4). The relationship between the water vapor permeance and air velocity of the
hydrophobic MPL coated GDL is shown in Figure 2.6, which the measurement error was less
than 5%, and the error bar will not be presented in the comparison of the results to keep the

concise image.

Qvapor

qvapor A

(2.4)

where Quapor is the water vapor flow rate (mg min™), qvapor is the water vapor permeance (mg

min?t cm?).
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(a) Schematic diagram of vapor permeance test (b) Dew point meters.
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Figure 2.5 The (a) schematic diagram of vapor permeance test apparatus and (b) dew point meters.
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Figure 2.6 The relationship between the water vapor permeance and air velocity of the hydrophobic MPL
coated GDL.
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2.6 Relative Oxygen Permeance Measurements

Figure 2.7(a) illustrates the schematic diagram of the test apparatus for assessing relative
oxygen permeance. The MPL coated GDL was placed between two stainless steel plates with
a flow channel measuring 1 mm in width, 20 mm in length, and 1 mm in depth. The temperature
was maintained at 35 <C using a cooling water system. The dry air and nitrogen were supplied
to the upper and lower flow channels at the same pressure of 1.0 kPa using a differential
pressure gauge. The gas chromatography (GC) apparatus (J-SCIENCE LAB, GC7100T) was
employed to determine the oxygen permeance from the upper air flow channel to the lower

nitrogen flow channel, as shown in Figure 2.7(b).
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(a) Schematic of relative oxygen permeance test apparatus. (b) Gas chromatography apparatus.

Figure 2.7 The (a) schematic diagram of the relative oxygen permeance test apparatus and (b) gas
chromatography apparatus.

Figure 2.8 illustrates the evaluation method of the oxygen permeance through the wetted
MPL coated GDL. The water permeability test, in which liquid water was supplied to the lower
flow channels at a steady pressure of 30 kPa, was conducted for 30 minutes in Figure 2.8(b).
Then, all remaining water in the flow channels was removed using dry nitrogen purge gas.
Finally, dry air and nitrogen were again provided to the upper and lower flow channels at a

constant pressure of 1.0 kPa. Oxygen permeance through the wetted MPL coated GDL was
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measured using the GC apparatus in Figure 2.8(c). The relative oxygen permeance ko2 was

calculated using Eq. (2.5).

ko = — (2.5)

where goz,dry is the oxygen permeance of the completely dry GDL, and qo2wet is the oxygen

permeance immediately after the water permeability test.

-_ MFC _« Dry Air (1.0 kPa)

GC H MFM MEFC —«Dry N, (1.0 kPa)

(a) Oxygen permeance under dry conditions qoz, dry-

Drainage«— -®
XA

MEC —« Water (30 kPa)

(b) Water permeability test to increase water saturation in the sample.

-— - MFC —.DryAir(l.OkPa)
R

GC = MFM H MFC —- Dry N, (1.0 kPa)

(c) Oxygen permeance under wet conditions goz, wet.

Figure 2.8 The relative oxygen permeance measurement method.
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2.7 Oxygen Transport Resistance Evaluation

Efficient oxygen transport plays a crucial role in the overall performance of a PEFC because
oxygen serves as a fundamental reactant in the electrochemical process responsible for
generating electrical energy. When there is elevated oxygen transport resistance, it can impede
reaction rates, subsequently affecting the overall efficiency. Oxygen transport resistance
delineates the challenges and hurdles oxygen molecules encounter as they traverse through the
diverse components of the fuel cell. Therefore, understanding and optimizing this resistance

becomes imperative for improving cell efficiency.
2.7.1 The Experimental Cell Assemble

Figure 2.8 indicates the experimental cell assembly used in the performance measurement.
The commercial MEA (GORE PRIMEA® MEAs A580.4/M815.15/C580.4) with 15 pm
membrane thickness and Pt loading of 0.4 mg cm™ was used to measure polarization curves.
The active area of the cell was 1.0 cm?. The separator had 17 parallel flow channels, each with
a width of 0.4 mm, depth of 0.5 mm, and 0.2 mm of rib width. The cell assembly sandwiching
the MEA, MPL coated GDLs, separators, and end plates tightened using eight bolts with
adjusting the length of the springs, which the final length should be 11 mm to meet the suitable

fixing torque.
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Figure 2.8 The experimental assembly cell with parallel channels.



The surface contact angles could help comprehensively understand the wettability of CL,
MPL, GDL, and separator flow channels. The whole separators with flow channels were plated
by the aurum, and the coating layer indicated high wettability, as shown in Figure 2.9(b), which
helped reduce water droplet accumulation in the channels. Meanwhile, accompanied by a high
supply flow rate, the oxygen transport resistance in the flow channel caused by accumulated

water was eliminated.

6=135° 6 =143°
S~ AN
(a) CL surface (b) Separator coating (c) Substrate (d) Hydrophobic MPL
(Toray® TGP-H-030) (20%PTFE)

Figure 2.9 The wettability of the (a) CL surface, (b) separator coating, (c) Substrate (Toray® TGP-H-030),
and (d) Hydrophobic MPL(20%PTFE).

In the tests, the sample compression ratio significantly influenced the ohmic resistance and
porosity in the MPL. A sealing gasket was used to adjust the thickness of the sample in
assembly to ensure that the samples remained in a similar compression state during the I-V
measurements. The thickness of the sample after compression is set at 80% of the original
thickness. The cell temperature was maintained at 35<C using a wind cooling system and 80C

by cartridge heater.
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2.7.2 The PEFC Performance Evaluation Apparatus

In Figure 2.10, the gas supply setup is presented, where the air, Hz, and N2 flow rates are
regulated by the mass flow controller (MFC). Dry gases are directed to the cell and undergo
humidification controlled by the bubblers. Backpressure valves manage piping pressure.
Manipulating the mixing N> flow rate allows for controlling different oxygen concentrations,
enabling the evaluation of oxygen transport resistance. Figure 2.11(a) illustrates the PEFC
performance test apparatus, encompassing components such as the gas supply, gas pressure
control, and humidity adjustment of the bubbler. The heater covers all piping to prevent water
condensation, maintaining a temperature higher than the bubblers. The constant current (CC)
method, depicted in Figure 2.11(b), was employed for measurements using the external
electronic load (KIKUSUI PLZ164WA). The determination of IR overpotential relied on high-
frequency resistance (HFR) measurements conducted with a resistance meter (TSURUGA
MODEL 356E), as shown in Figure 2.11(c). Pure hydrogen and diluted oxygen gases were
supplied at the anode and cathode in a cross-flow orientation. The flow rates were set at 1000
cm® min to prevent water accumulation in the channels, so the effect of the Rcn on the Riotal

was negligible.

BPV
DAQ
Humidifier device
»| Electronic
> Load
N, v
PG
MFC ()P

BPV
RG
1[%;&11
RG: Regulator

PG: Pressure gauge
MFC: Mass flow controller
BPV: Back pressure valve

Humidifier

Figure 2.10 The schematic diagram of the PEFC test apparatus.
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(b) The electronic load.

(a) The PEFC performance test apparatus. (c) High-frequency resistance apparatus.

Figure 2.11 The (a) PEFC performance test apparatus, (b) electronic load for constant current (CC)
measurement, and (c) high-frequency resistance (HFR) measurement apparatus.
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2.7.3 The Total Oxygen Transport Resistance from Limiting Current Density in

Polarization Curves and IR Overpotential

In PEFC operations, several parts affect oxygen transport within the fuel cell system, which
includes the diffusion of oxygen through porous materials, the electrochemical reactions at the
electrodes, and any constraints in the mass transport of oxygen to the reaction sites. In order to
isolate the impact of the MPL, each component was kept the same during the experiment, which
can highlight the impact of the MPL on cell performance.

The total oxygen transport resistance under specific conditions Roz can be calculated by
Eqg. (2.6) based on limiting the current density iiim from the polarization curve, as shown in
Figure 2.12(a). Within the polarization curve of an electrochemical system, the ijim denotes the
highest current density attainable by the cell under specific conditions. When the system
reaches the iim, it indicates a limitation imposed by mass concentration. At this point, the
concentration of reactants near CL is considered zero, which implies that the oxygen
concentration in the cathode catalyst layer has reached zero in PEFC. Meanwhile, the IR
overpotential was measured when conducting the polarization measurement, as shown in

Figure 2.12(b), which was influenced by the sample thickness and humidity in the cell.

_ 4Py
027 RT i,

where Ro is the total oxygen transport resistance under specific oxygen concentration and

(2.6)

pressure conditions, and po2 is the average oxygen partial pressure of the inlet and outlet gases.

In those studies concerning GDL, the effectiveness of GDL in mitigating flooding was
assessed under conditions simulating relatively dry operations in a PEFC, with a supplied gas
relative humidity (RH) of 80% and a cell temperature of 80<C. However, in the case of fuel
cell vehicles, it was anticipated that RH levels may exceed 100% at high current densities under
relatively low-temperature conditions before reaching a steady state. Therefore, it was also
necessary to evaluate the ability of the MPL to reduce flooding under high saturated conditions
close to ambient temperature (35<C) with 200%RH and normal operation temperature (80<C)
with 80%RH close to the steady state. During the tests, the measurement error was less than

5%. The small fuel cell from NEDO was used in the experiments, and the small active area
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indicates homogenous current density and temperature distributions. The hydrophilic coating
in the channel helped expel water. Meanwhile, accompanied by a high supply flow rate, it
eliminates the oxygen transmission resistance in the flow channel caused by accumulated water
and guarantees stable results. The rest of the graphs did not indicate the error bar when

involving |-V characteristic curves and IR overpotentials for ease of reading.
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(a) The limiting current density from the polarization curve.
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Figure 2.12 The limiting current density of the double MPL coated GDL from the polarization curve

measurement.

The limiting current density measurement is usually used to evaluate the oxygen transport
resistance in PEFCs. In this study, we employed a low oxygen concentration from 0.5% to
2.5% to measure the iim caused by the mass transport resistance. When the oxygen

concentration increased, the limiting current densities significantly rose, accompanied by more
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complex mass transport effects and ohmic and activation overpotentials. Thus, this low oxygen
concentration strategy with relatively small iim was better for isolating the impact of mass
transport resistance. This strategy reduced the influence of the activation overpotential, and
cell performance was dominated by the mass transport resistance, which aligns with the oxygen
transport resistance measurements conducted by Nonoyama et al. [58]. Both the experimental

conditions are shown in Table 2.1.

Table 2.1 Test conditions of oxygen transport resistance measurements.

Parameters Anode  Cathode
Active area (cm?) 1.0
Supply gas H> 02/N,
Gas concentration (%) 100 02 0.5~25
Flow rate (cm® mint) 1000 1000
Supplied gas humidity (%RH) 200, 80
Cell temperature (°C) 35, 80

Back pressure (kPa abs) 101, 150, 200, 300
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2.7.4 Pressure-dependent and Pressure-independent Diffusion Resistances

After obtaining the Riwotal, an essential evaluation of the performance of the microporous
layer can be made. However, the extent to which the microporous layer contributes to flooding
in the fuel cell cannot be assessed directly from the total oxygen diffusion resistance. Therefore,
further oxygen diffusion impedance separation is necessary.

Figure 2.13(a) summarizes the relationship between the oxygen partial pressure po. and the
limiting current density iiim under various back pressure conditions within the measurement
error of less than 5% [145]. Based on the linear relationship, the average total oxygen transport

resistance Riotal COuld be deformed to the following Eq. (2.7) [30,58].

14F
Riotal = BRT
where b is the fitting line slope of the proportional relationship between ijim and poo.

@.7)

Figure 2.13(b) shows the correlation between the total oxygen transport resistance Rota and
the gas pressure pgas measured under various back pressure conditions. The total oxygen
transport resistance Riwotal Was governed by two distinct diffusion mechanisms: molecular gas
diffusion, which influenced the pressure-dependent resistance Rp, and Knudsen diffusion,
which dominated the pressure-independent resistance Rnp. When the gas pressure was set to
zero, Rp was also expected to be zero. Consequently, the Rnp value corresponded to the intercept
on the Y-axis of the total oxygen transport resistance, and the R, value was determined by

subtracting the Rnp value from the Riotal Value.
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(a) Relationship between the limiting current (b) The pressure-dependent and pressure-
density and oxygen partial pressure. independent resistances separated from the total
oxygen transport resistance.

Figure 2.13 The pressure-dependent and pressure-independent oxygen transport resistance separation
method from the NEDO PEFC evaluation protocol [145].
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3. Effect of Hydrophilic Layer in Double Microporous Layer
Coated Gas Diffusion Layer on Performance of Polymer

Electrolyte Fuel Cell

3.1 Double Microporous Layer Coated Gas Diffusion Layer

In the development of the double MPL coated GDL study, all MPLs were coated on a GDL
substrate. The carbon paper (Toray® TGP-H-030) loaded with 5 mass%
polytetrafluoroethylene (PTFE) (DAIKIN POLYFLON D-210C) to impart hydrophobicity was
used as a GDL substrate with 110 pm thickness and 80 % porosity. In Figure 3.1(a), a
conventional single hydrophobic MPL with a thickness of 35 um consisting of carbon black
(DENKA BLACK® HS-100, average particle diameter of 48 nm) and PTFE as the binder. The
double MPL in Figure 3.1(b) was developed by introducing a 5 um hydrophilic layer onto the
single MPL coated GDL, in which the TiO, (SAKAI CHEMICAL INDUSTRY STR-100N)
with a 15 nm average diameter was introduced as a hydrophilicity complement and Nafion

(ALDRICH Nafion 1100EW) as the binder.

A A
Sllbstrate 1 10 “111 Substlafe l 10 “111
A 4 A
- A L I
Hydrophobic layer v 40 pm ¢ hm
7Tk \§5-20 um
Hydrophobic Hydrophilic
pores pores
(a) Single MPL coated GDL. (b) Double MPL coated GDL.

Figure 3.1 The schematic diagrams of MPL coated GDLs.

To comprehensively evaluate the double MPL coated GDL, the formulation of the
hydrophilic layer was determined by preparing both double and single MPL coated GDLs with
different ingredients for surface contact angle, water breakthrough pressure, and in-pore

contact angle tests, and the details are outlined in Table 3.1.
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Table 3.1 Tested MPL coated GDL.

Sample Name Hydrophobic layer Hydrophilic layer
Single MPL 20 mass% PTFE
(20%PTFE) 80 mass% CB
Double MPL 20 mass% PTFE 1 mass % PVA
(1%PVA) 80 mass% CB 99 mass% CB
. 20 mass% PTFE 30 mass% Nafion
Double MPL (30%Nafion)
80 mass% CB 70 mass% CB
Double MPL 20 mass% PTFE 25 mass% Nafion 5 mass% TiO;
(25%Nafion-5%TiOy) 80 mass% CB 70 mass% CB
Double MPL 20 mass% PTFE 15 mass% Nafion 15 mass% TiO;
(15%Nafion-15%TiOy) 80 mass% CB 70 mass% CB
Double MPL 20 mass% PTFE 5 mass% Nafion 25 mass% TiO2
(5%Nafion-25%TiOy) 80 mass% CB 70 mass% CB
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3.2 The Double MPL Coated GDL Preparation Method

The preparation method of the single and double MPL coated GDL is demonstrated in
Figure 3.2. A slurry containing PTFE, carbon black, distilled water, and a surface active agent
was mixed using an impeller blade-type mixer (AS ONE Cell Master CM-100) and then coated
on the substrate using an auto film coater machine (TESTER SANGYO PI-1210), as shown in
Figure 3.3(a) and (b). The MPL was dried and then heated at 350 <C for 30 min to sinter the
PTFE and carbon black on the substrate. The hydrophobic single MPL comprised 20 mass%
PTFE and 80 mass% carbon black. All double MPLs consisted of a hydrophobic MPL and an
extra hydrophilic MPL with a thickness of 5 pm, which sintered at 140 <C for 30 min. The
double MPL contained 30 mass% of hydrophilic materials in different ratios but the same 70

mass% carbon black.

Y,

Hydrophobic slurry: ) - Se /]/# > A
(PTFE, Carbon black, water) P | 1 N
® ® o _ e

ey 2

Hydrophilic slurry: > ﬁ. / —p P

(Nafion, TiO,, Carbon black, water) 1 N
Coating Drying and sintering

Figure 3.2 The single and double MPL coated GDLs preparation method.

(@) The bar coating machine. (b) The impeller blade-type mixer.

Figure 3.3 The MPL coated GDL preparation apparatus.
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3.3 Results and Discussion

3.3.1 The Surface Morphology of Carbon paper, Single MPL Coated GDL, and

Double MPL Coated GDL

Figure 3.4 illustrates scanning electron microscope (SEM) surface images of the carbon
paper substrate, hydrophobic and hydrophilic MPLs. In Figure 3.4(a), the carbon paper
exhibited an uneven surface with excessively large pore sizes. Conversely, in Figure 3.4(b),
applying an MPL resulted in a smoother surface as it covered the hollow carbon paper and
significantly reduced the pore size. Furthermore, Figure 3.4(c) demonstrates that the surface
roughness decreased after adding an extra hydrophilic layer. Consequently, the MPL
effectively reduced the contact resistance between the GDL and the catalyst layer. In the
hydrophobic MPL, the maximum pore was around 15 pum, and the pore structure consisted of
carbon black as the main backbone, with an average particle diameter of 48 nm. The PTFE was
a hydrophobic binder that bonded the particles and provided hydrophobicity. In hydrophilic
MPL, the TiO2 with a 15 nm average diameter was introduced as a hydrophilicity complement.
Instead of using a hydrophobic PTFE binder, the hydrophilic Nafion binder was used to bond
the carbon black and TiO> particles. This design allowed structurally stable samples that can

be used for long-term experiments.

(a) Carbon paper (b) Single MPL coated GDL (c) Double MPL coated GDL
(Toray® TGP-H-030). (20%PTFE). (5%Nafion-25%TiOy).

Figure 3.4 Surface SEM micrographs of carbon paper, hydrophobic MPL, and hydrophilic MPL in a double
MPL coated GDL.

The cross-sectional SEM photos are essential in describing the configurations of the MPL

structures. However, the present cutting methods damaged the thin MPL, so it was difficult to
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observe the structural differences, and this work will be rechallenged in future research to make

the structural distribution display more straightforward.
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3.3.2 Surface Contact Angles of MPLs

The property of the top hydrophilic layer in the double MPL was a fundamental parameter
that must be clarified. Before the tests, the single MPL coated GDLs, holding the same
compositions as the top hydrophilic layer of the double MPLs, as shown in Table 3.1, were
explicitly prepared to conduct the surface contact angle, water breakthrough pressure, and in-
pore contact angle measurements. The surface contact angle & was measured using the sessile
drop method. Figure 3.5 reveals that the hydrophobic MPL (20% PTFE) exhibited the highest
contact angle value, indicating strong hydrophobicity. The MPL with 30% Nafion also
displayed strong hydrophobic characteristics due to the effect of PTFE-backbone structures in
Nafion. However, as the TiO content increased in the MPL containing Nafion and TiOz, the
surface contact angles decreased from 134 <to 58 < signifying a transition from hydrophobicity
to hydrophilicity. The MPL with 1% PV A showed the most pronounced hydrophilicity. Despite
providing valuable insights into MPL properties, an accurate contact angle measurement was
challenging due to surface roughness. Consequently, meticulous measurement of the in-pore

contact angle Gpore for the MPL was necessary, as described in the following section.

6 =143° 6 =140° 6=134° il

(a) 20%PTFE (b) 30%Nafion (c) 25%Nafion-5%TiO, (d) 15%Nafion-15%TiO;
6 =58° 6=0° 6=135°

P}

(e) 5%Nafion-25%TiO; (f) 1%PVA (9) Substrate

Figure 3.5 Surface contact angles of single MPL coated GDLs.
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3.3.3 Water Breakthrough Pressures and In-Pore Contact Angles of MPLs

The water breakthrough pressure pwater Was employed to assess the in-pore contact angle
Gpore OF the MPL. Measuring pwater SOlely under dry conditions proved insufficient, as water
molecules absorbed in sulphonic acid clusters in Nafion were evaporated when the sintering
temperature of MPL was set at 140<C. Therefore, water treatment became essential to recreate
water pathways and observe the actual properties of Nafion structures. The MPL coated GDL
was immersed under vacuum conditions for 1 hour for water treatment. Figure 3.6 illustrates
the water breakthrough pressures pwater Obtained with and without water treatment for various
MPL coated GDLs, and the maximum measurement error was less than 5%. The pwater OFf MPLS
containing Nafion exhibited higher pressure values under dry conditions than after water
treatment. The distinction in breakthrough pressure before and after water treatment was also
evident in other hydrophilic MPLs incorporating Nafion and TiO2. The pwaer gradually
decreased as the TiO> content increased. After water treatment, the MPL (5% Nafion - 25%

TiO2) achieved a pwater Of 4 kPa.

W Before treatment

MPL conted GDL - | —
(20%PTFE)
MPL coated GDL

(30%Nafion)

MPL coated GDL
(25%Nafion-5%TiO,)

MPL coated GDL
(15%Nafion-15%TiO,)

MPL coated GDL
(5%Nafion-25%TiO,)

0 5 10 15 20
Water breakthrough pressure p, ., (kPa)

Figure 3.6 Water breakthrough pressures of MPL coated GDLs before and after water treatment.

Figure 3.7 indicates the in-pore contact angle &pore calculated from Eqg. (2.3) based on the

Pwater Measurements after water treatment, in which the measurement was also less than 5%.
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The Gpore Obtained with the hydrophilic MPL containing Nafion was much lower than that with
the MPL (20%PTFE). The 6pore Value of the MPL containing Nafion and TiO. decreased with

increasing the TiO; content.

MPL coated GDL
(20%PTFE)

MPL coated GDL
(30%Nafion)

MPL coated GDL
(25%Nafion-5%Ti0,)

MPL coated GDL
(15%Nafion-15%TiO,)

MPL coated GDL
(5%Nafion-25%Ti0,)

1|

60 80 100 120 140 160
In-pore contact angle 6,,,. (deg)

Figure 3.7 In-pore contact angles of MPL coated GDLs after water treatment.
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3.3.4 Water Vapor Permeances of MPLs

Figure 3.8 illustrates the variations in the water vapor permeance Qvapor With increasing air
velocity for single and double MPL coated GDLs. The air velocity U was defined as the flow
rate divided by the cross-sectional area of the flow channel. The different MPL configurations
will change the gas-liquid interface in the pore structures, so it is necessary to define the water
vapor diffusion from the lower channel to the upper channel. It was defined as the water vapor
permeance, the diffused amount of water vapor divided by the flow channel cross-section. The
results obtained with the double MPL (1% PVA) were omitted in the figure as its water vapor
permeance was exceptionally higher than the double MPL (5% Nafion-25% TiOz). Under low-
velocity conditions, the water vapor transport resistance at the GDL/air interface was
significantly high, resulting in relatively low values of water vapor permeance. However, as
the air velocity increased, the water vapor transport resistance decreased, leading to enhanced
water vapor permeance. The water vapor permeance values finally stabilized beyond an air
velocity of 10 m s. The single hydrophobic MPL (20% PTFE) struggled to introduce water
into its small hydrophobic pores, resulting in lower water vapor permeance. For the double
MPL, the hydrophilic MPL facilitated the introduction of water into the pores of the
hydrophobic MPL. Due to the liquid water supply pressure being maintained below the water
breakthrough pressure, the liquid water would not penetrate the hydrophobic pores to the upper
flow channel. The water vapor permeance varied depending on the degree of water introduction
in the hydrophobic pores. Thus, the difference in the wettability of the hydrophilic MPL
influenced the water vapor permeance, and the appropriate double MPL (5% Nafion-25% TiO5)

led to a higher water vapor permeance than the single hydrophobic MPL.
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Figure 3.8 The water vapor permeance obtained with single and double MPL coated GDLs at a 35 °C cell

temperature.
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3.3.5 Effect of Hydrophilic Layer Thickness

Before evaluating the double MPL coated properties, it is necessary to determine the
suitable hydrophilic layer thickness in advance. Here, the composition of the hydrophilic MPL
was fixed as 5% Nafion-25% TiO.. According to a comparison of the Riwtal Values, Figure 3.9
shows the appropriate hydrophilic thickness as 5 pum, which was also the minimum thickness
that can be prepared.

As mentioned in Chapter 1, the hydrophilic structure positively reduces CL/MPL interface
accumulation water to alleviate flooding. However, the hydrophilic structure also increases the
water saturation in the MPL, which hampers oxygen transport. From the results, when the
hydrophilic MPL thickness was built thicker, the oxygen transport became challenging to pass
through this high water saturation barrier to the CL reaction sites. Therefore, a thin hydrophilic
layer is helpful to minimize adverse effects due to the barrier of the hydrophilic layer. A similar

conclusion was also obtained by Shrestha et al. [134].

Single MPL H
(20%PTFE)
Double MPL
(5%Nafion-25%TiO,) [
h=5 pm
Double MPL
(5%Nafion-25%TiO,) |G
h=10 pm
Double MPL
(5%Nafion-25%TiO,)
h=20 pm

50 70 90 110 130 150
Oxygen transport resistance R, (s m!)

Figure 3.9 The total oxygen transport resistances obtained with double MPL coated GDLs with different
hydrophilic layer thicknesses under conditions of 200%RH, a back pressure of 101 kPa abs, a supplied gas
flow rate of 1000 cm? min’!, and a 35 °C cell temperature.



3.3.6 Effect of Hydrophilic Layer Compositions on Total Oxygen Transport

Resistance

Figure 3.10 demonstrates the polarization curves and IR overpotentials of single and double
MPL coated GDLs. The limiting current density him was directly obtained from the polarization
curves, and the Ryota can be calculated based on Eq. (2.7) to obtain the average value under all

conditions.

——Single MPL
—e—Double MPL (30%Nafion)

——Double MPL (5%Nafion-25%Ti0:)
—-Double MPL (1%PVA)
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(a) Polarization curves
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IR Ovepotential #
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(b) IR overpotentials
Figure 3.10 Polarization curves and IR overpotentials obtained with single MPL and double MPL coated

GDLs under conditions of 200%RH, a back pressure of 101 kPa abs, a supplied gas flow rate of 1000 cm?
min”!, and a 35 °C cell temperature.
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In this study, we employed a low oxygen concentration from 0.5% to 2.5% to measure the
lim caused by the mass transport resistance. When the oxygen concentration changed from 1%
to 28%, the limiting current densities significantly rose from 0.2 to 4 A cm, accompanied by
more complex mass transport effects and overpotential losses [146]. In the I-V character
measurement, the humidity was set at 200%RH, and the oxygen concentration was controlled
in a low range, leading to a small current range that the activation overpotential would not
change much to influence cell performance. Therefore, only the mass concentration
overpotential impacted the cell performance under high humidity and low oxygen
concentration conditions. This low oxygen concentration strategy with relatively small ijim was
better for isolating the impact of oxygen transport resistance, aligning with the measurements
conducted by Nonoyama et al. [58]. Because the hydrophilic MPL thickness was set at 5um,
the effect of adding the hydrophilic layer on the ohmic resistance was negligible. Therefore,
single and double MPL coated GDLs indicated similar IR overpotentials. Owejan et al. reported
ohmic resistance values of approximately 0.07 Q cm? at 80T and 0.4 A cm™ when the cell
was under high humidity [147]. We observed similar onmic resistance values of approximately
0.05 Q cm? obtained with single and double MPL coated GDLs under high humidity conditions.

The composition of the hydrophilic layer was a critical design parameter for the double
MPL. Figure 3.11 presents the Ryt 0Obtained with single and double MPL coated GDLs. The
Riotar O the hydrophobic MPL (20% PTFE) was 86.5 s m™. The Rt Of the double MPL (30%
Nafion) was close to that of the hydrophobic MPL (20% PTFE). Upon considering the water
breakthrough pressure and in-pore contact angle depicted in Figures 3.6 and 3.7, the
hydrophilic layer without TiO> had insufficient hydrophilicity, leading to an unsatisfactory
reduction in oxygen transport resistance.

The Riwta Of double MPLs containing Nafion and TiO. decreased progressively with
increased hydrophilicity. Among the double MPLs, the most outstanding performance was
observed with the double MPL (5% Nafion-25% TiO>), which achieved about a 20% reduction
in oxygen transport resistance compared to the single hydrophobic MPL. Adding an
appropriate hydrophilic layer in the double MPL configuration brought high water vapor
permeance, considerably improving water-expelling ability. This characteristic efficiently

facilitated water discharge from the catalyst layer to the flow channels, achieving the lowest
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Riotal. However, in the case of the double MPL using PVA, the hydrophilicity was too strong,

causing an imbalance in water-gas transport and resulting in a significantly higher Ryotal.

Single MPL
(20%PTFE)

Double MPL
30%Nafion)

Double MPL
(25%Nafion-5%TiO,)

Double MPL
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Double MPL
(5%Nafion-25%Ti0,)

Double MPL
(1%PVA)
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Total oxygen transport resistance R, (s m!)

Figure 3.11 The total oxygen transport resistances obtained with single MPL and double MPL coated GDLs
with different hydrophilic layer compositions under conditions of 200%RH, a back pressure of 101 kPa abs,
a supplied gas flow rate of 1000 cm® min™!, and a 35 °C cell temperature.

83



3.3.7 Effect of Double MPL Coated GDL on Pressure-dependent and Pressure-

independent Resistances

The effectiveness of the double MPL coated GDL was considered by the pressure-
independent resistance Rnp and the pressure-dependent resistance Rp, which were separated
from the Ritar described in Eq. (2.7). Figure 3.12 summarizes the relationship between the
oxygen partial pressure poz and the limiting current density iim under various back pressure
conditions [57,59].
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Figure 3.12 Relationship between the limiting current density and oxygen partial pressure obtained with a
double MPL coated GDL (5%Nafion-25%TiO,) at different back pressures under 200 %RH, a supplied gas
flow rate of 1000 cm? min™!, and a 35 °C cell temperature.

Figure 3.13 shows the correlation between the Rita and the gas pressure pgas measured
under various back pressure conditions. Owejan et al. measured the oxygen transport resistance
of a hydrophobic MPL coated GDL under a 70<C cell temperature, 77%RH, a back pressure
of 300 kPa, and various oxygen concentrations. From low to high water saturation, the oxygen
transport resistance values increased from about 150 s m™ to 260 s m™* [147]. In this study, the
oxygen transport resistance values under high saturated conditions of a 35<C cell temperature,
200%RH and a back pressure of 300 kPa obtained with single and double MPL coated GDLs

were 174 s m™* and 159 s m™, respectively. The Rt Was governed by two distinct diffusion
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mechanisms: molecular gas diffusion, which influenced the pressure-dependent resistance Ry,
and Knudsen diffusion, which dominated the pressure-independent resistance Rnp. When the
gas pressure was set to zero, R, was also expected to be zero. Therefore, the Rnp value
corresponded to the intercept on the Y-axis of the Ry, and the Rp value was determined by

subtracting the Rnp value from the Riotal Value.
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Figure 3.13 The pressure-dependent and pressure-independent resistances separated from the total oxygen
transport resistance obtained with single MPL and double MPL coated GDLs at different back pressures
under 200 %RH, a supplied gas flow rate of 1000 cm?® min-!, and a 35 °C cell temperature.

Figure 3.14 presents the total and separated values obtained with single and double MPL
coated GDLs. For single hydrophobic MPL coated GDL, the excess liquid water mainly passed
through the large pores generated in the hydrophobic MPL with relatively low capillary
pressures. However, the water expelling ability could not meet the demand to further reduce
the amount of the accumulated liquid water at the interface between the catalyst layer and the
MPL, which hindered oxygen supply to the catalyst layer and increased the Rnp. The
appropriate double MPL (5% Nafion-25% TiO2) demonstrated improved water discharge
ability while maintaining efficient gas pathways. The hydrophilic MPL enabled water to spread
in the in-plane direction, promoting the introduction of water into hydrophobic MPL pores.

This created suitable pathways to alleviate liquid water at the catalyst layer. The enhanced
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water transport was supported by the water vapor permeance results in Figure 3.8, which
showed that the double MPL allowed more water vapor to pass through compared to the single
hydrophobic MPL. As a result, the double MPL effectively reduced water accumulation at the
interface between the catalyst layer and the MPL, which lowered the Rt caused by the
considerable reduction in the Rnp.

Conversely, double MPL (1% PVA) did not enhance performance. Despite exhibiting
extremely high water vapor permeance due to its strong hydrophilicity, the hydrophilic layer
suffered from excessive water absorption. Consequently, the accumulation of excess water in
the hydrophilic layer caused severe flooding, resulting in significantly higher Rnp and R, values.

B Total oxygen transport resistance R,

O Pressure-dependentresistance R,
O Pressure-independent resistance R,
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(20%PTFE)

Double MPL
(5%Nafion-25%Ti0,)
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Figure 3.14 The pressure-dependent and pressure-independent oxygen transport resistances in the total
oxygen transport resistance obtained from single MPL and double MPL coated GDLs under conditions of
200 %RH, a supplied gas flow rate of 1000 cm?® min’!, and a 35 °C cell temperature.

Comprehensively, the above results emphasized that both water vapor permeance and
oxygen transport resistance were important properties in the double MPL design. Compared to
the single MPL in Figure 3.15(a), an appropriate double MPL effectively improved the ability
to discharge water from the catalyst layer, as shown in Figure 3.15(b), but the saturated

hydrophilic MPL partially blocked the oxygen transport in the hydrophobic pores because the
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hydrophilic pores only connected the CL and hydrophobic layer. Thus, a further performance

enhancement could not be obtained.
0, 0,

Flooding

CL Flooding

(a) Single MPL coated GDL
0, 0,

Hydrophilic
MPL

Blocking CL

(b) Double MPL coated GDL

Figure 3.15 The schematic diagram of the water transport from the substrate to the CL in the cathode when
applied (a) single MPL coated GDL and (b) double MPL coated GDL.
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4. Hydrophilic and Hydrophobic Composite Microporous Layer
Coated Gas Diffusion Layers for Performance Enhancement of

Polymer Electrolyte Fuel Cells

4.1 Composite Microporous Layer Coated Gas Diffusion Layer

In this study, all MPLs were coated on a GDL substrate. The carbon paper (Toray® TGP-
H-030) was loaded with 5 mass% PTFE. Figure 4.1 illustrates the schematic diagrams of
conventional hydrophobic, hydrophilic, and composite MPLs. The concept of the composite
MPL requires the generation of separate hydrophobic and hydrophilic pores in the same layer,
so it is essential to investigate the miscibility of MPL slurries containing hydrophilic and
hydrophobic materials, then develop an appropriate preparation method to ensure the creation
of distinct hydrophobic and hydrophilic pores within the composite MPL after sintering the
slurries. The hydrophobic binders selected the PTFE and PVDF (KISHIDA Chemical LBG-
00968), and NMP (N-Methyl-2-pyrrolidone) (KISHIDA Chemical) was chosen as the PVDF

binder solvent.

7'y i F' Y
Substrate 110 pum Substrate 110 um Substrate 110 pm
1 1 X
40 pm 40 um 40 ym
A A A 4 Y
_ v X
Hydrophobic Hydrophilic Hydrophobic Hydrophilic
pores pores pores pores
(a) Hydrophobic MPL (b) Hydrophilic MPL (c) Composite MPL

Figure 4.1 The schematic diagrams of hydrophobic, hydrophilic, and composite MPL coated GDLs.

Before preparing the composite MPL, it was necessary to check the miscibility of the
hydrophilic and hydrophobic materials to keep the un-interfering hydrophilic and hydrophobic
pores generated. Since the TiO: particles could be thoroughly mixed with the hydrophobic
slurry, the TiO2 particles would be evenly distributed in the entire MPL, forming a
homogeneous pore structure rather than separate hydrophilic and hydrophobic pore structures.

Thus, it was necessary to use Nafion as a hydrophilic solution to hold TiO2 and guarantee that
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it was not thoroughly mixed with hydrophobic slurry within a short period. The immiscibility
between the water-soluble Nafion binder and water-insoluble PVDF binders was initially
examined. Figure 4.2 demonstrates a clear boundary under static conditions. This lack of
miscibility was advantageous for creating the composite MPL to guarantee the separate
formation of hydrophobic and hydrophilic pores. The samples used in the performance test are

summarized in Table 4.1.

p— — i,

Nafion
Solution
o . Clear
boundary
PVDF
Solution
= =

Figure 4.2 The immiscible phenomenon between Nafion and PVDF solutions.

Table 4.1 The tested MPL coated GDLs.

MPL coated GDL Hydrophobic material ~ Hydrophilic material ~ Carbon black

(dmax=20um) (mass%) (mass%) (mass%)
Hydrophobic MPL
yerop 20% PTFE — 80%
(20%PTFE)
Composite MPL
15% PTFE 5% PVA 80%
(15%PTFE-5%PVA)
Hydrophobic MPL
20% PVDF — 80%
(20%PVDF)
Composite MPL
15% PVDF 5% PVA 80%
(15%PVDF-5%PVA)
Composite MPL .
i 10% PVDF 10% Nafion 80%
(10%PVDF-10%Nafion)
Composite MPL 7.5% Nafion
) ) 10% PVDF . 80%
(10%PVDF-7.5%Nafion-2.5%TiOy) 2.5% TiO»
Composite MPL 5% Nafion
) ) 10% PVDF ) 80%
(10%PVDF-5%Nafion-5%TiO,) 5% TiO;
Composite MPL 2.5% Nafion
) ) 10% PVDF . 80%
(10%PVDF-2.5%Nafion-7.5%TiOy) 7.55% TiO-
Hydrophilic MPL 7.5% Nafion 909
(7.5%Nafion-2.5%TiOy) 2,50 TiO, ’
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4.2 The Composite MPL Coated GDL Preparation Methods

As for the MPL preparation, a separate mixing method was applied to prevent excessive
mixing of the hydrophobic and hydrophilic binders, as shown in Figure 4.3(a). The impeller
blade-type mixer was employed to mix the hydrophilic and hydrophobic slurries for 1 hour.
Subsequently, the hydrophobic and hydrophilic slurries were mixed and coated on the substrate
using an auto film coater machine. The MPLs were dried at 35<C and then sintered at 150 <C.
To evaluate the preparation methods, the composite MPL was also prepared with the premixing
method, in which all hydrophilic and hydrophobic materials were mixed together for 1 hour,
then dried and sintered in the same manner, as shown in Figure 4.3(b). In the results and
discussion section, we elucidate the performance difference between the separate mixing and
premixing methods to distinguish the hydrophobic and hydrophilic pores based on water

permeability and relative oxygen permeance test results.

Separate mixing method

@

Hydz;ptfl'ilic r;g(t)er)ials: N Y <
afion, TiO, -
Le - A e
> 2, t N
Hydrophobic materials: Coating Dr-ylng.and
(PVDF, Carbon black NMP) sintering
(a) Separate mixing method.
Premixing method
D @ ®
Hydrophilic materials: N L 4
(Nafion, TiO,) e = MV &
Hydrophobic materials: ::> =) e 2 R,
(PVDE, Carbon black, NMP) 1}
Mixing Coating Drying and
sintering

(b) Premixing method.

Figure 4.3 The separate mixing and premixing methods for composite MPL coated GDL preparation.
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4.3 Results and Discussion

4.3.1 The Surface Morphology of Carbon Paper, Single and Composite MPL

Coated GDLs

Figure 4.4 provides SEM surface images of the carbon paper substrate, hydrophobic MPL,
and composite MPLs. In Figure 4.4(a), the carbon paper surface appears uneven with huge pore
sizes. Contrastingly, Figure 4.4(b) shows that applying hydrophobic MPL results in a smoother
surface, covering the hollow carbon paper and significantly reducing pore sizes. Figure 4.4(c)
also displays the composite MPL surface, indicating a smooth texture. As a result, the MPL

proves effective in reducing contact resistance between the GDL and the catalyst layer.

(a) Carbon paper (b) Single MPL (c) Composite MPL
(Toray® TGP-H-030) (20%PVDF) (10%PVDF-5%Nafion-25%TiO,)

Figure 4.4 Surface SEM micrographs of carbon paper, hydrophobic MPL, and composite MPL coated GDLs.
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4.3.2 Effect of PTFE and PVA Composite MPL

To determine the appropriate hydrophobic and hydrophilic compositions, we evaluated the
commonly used PTFE as a hydrophobic binder and polyvinyl alcohol (PVA) as a hydrophilic
binder. However, there was a noticeable difference in sintering temperatures between PTFE
(350C) and PVA (150<C). To assess the impact of sintering temperature on composite MPL
property, we prepared a composite slurry containing PTFE, PVA, carbon black, deionized
water, and a hydrophilic surface active agent and coated it on the GDL substrate. Then, the
sintering temperature was set at 350 <C or 150 <C to produce the MPLs. Figure 4.5 indicates the
surface contact angle @ of the hydrophobic, hydrophilic, and composite MPLs measured using
the sessile drop method. When the composite MPL (15%PTFE-5%PVA) was sintered at 350 C,
the PVA binder was utterly burned off, transforming the composite MPL into a hydrophobic
MPL with the same contact angle value as the pure hydrophobic MPL. In contrast, when the
sintering temperature was reduced to 150<C, the composite MPL (15%PTFE-5%PVA)
displayed strong hydrophilicity with a contact angle of 0< similar to the hydrophilic MPL
(5%PVA). Under 150 <C sintering conditions, the PTFE lost hydrophobic properties due to the

inability to eradicate the surface active agent.

(a) Hydrophobic MPL (20%PTFE)

(c) Composite MPL(15%PTFE-5%PVA) (d) Composite MPL(15%PTFE-5%PVA)
(Sintering at 350C) (Sintering at 150<C)

Figure 4.5 The surface contact angles of hydrophobic, hydrophilic, and composite MPLs.

Figure 4.6 shows the oxygen transport resistance Riota Of the hydrophobic, hydrophilic, and

composite MPLs. The composite MPL sintered at 350 <C exhibited a similar Ryotal vValue as that
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obtained with the hydrophobic MPL (20%PTFE). The composite MPL (15%PTFE-5%PVA)

sintered at 150 <C, indicating strong hydrophilicity and a tremendous increase in Rotal.

Hydrophobic MPL
(20%PTFE) -

Composite MPL

(15%PTFE-5%PVA) -
(Sintering at 350°C)

Composite MPL

(Sintering at 150°C)

0 200 400 600
Total oxygen transport resistance R, (s m!)

Figure 4.6 The total oxygen transport resistances obtained with hydrophobic MPL (20%PTFE) and
composite MPL (15%PTFE-5%PVA) coated GDLs at different sintering temperatures under conditions of
200%RH, supplied gas flow rate of 1000 cm?® min™!' and cell temperature of 35 °C.
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4.3.3 Effect of the Mixing Methods of Hydrophobic and Hydrophilic Slurries

4.3.3.1 The Water Permeability Test to Determine the Properties of Pore Structures

Figure 4.7 indicates the water permeability test results obtained with the hydrophobic MPL
(20%PVDF), hydrophilic MPL (7.5%Nafion-2.5%TiO), and composite MPLs (10%PVDF-
7.5%Nafion-2.5%Ti0.) prepared with the separate mixing and premixing methods. The reason
for selecting this ingredients ratio in composite MPL will be verified in the following section,

as described in Figure 4.14.

—a— Hydrophobic MPL (20%PVDF)

—— Composite MPL (10%PVDF-7.5%Nafion-2.5%Ti0,)(Separate mix)
—— Composite MPL (10%PVDF-7.5%Nafion-2.5%Ti0,)(Premix)
-

Hydrophilic MPL (7.5%Nafion-2.5%T10,)
2

._.
in
L]

—
L]

o
in
T

0 10 20 30
Water supply pressure p (kPa)

Water permeability O (g cm? min')

=

Figure 4.7 The water permeability results of the hydrophobic MPL (20%PVDF), hydrophilic MPL
(7.5%Nafion-2.5%TiO>), and composite MPL (10%PVDF-7.5%Nafion-2.5%Ti0O>) prepared with separate

mixing and premixing methods.

The water breakthrough pressure obtained with the composite MPL with the separate
mixing method was similar to that obtained with hydrophilic MPL. The composite MPL with
the separate mixing method demonstrated two different rising slopes of the water flow rate.
The hydrophilic pores caused the initial slope, which followed the tendency of hydrophilic
MPL because water could readily pass through the hydrophilic pores. The following slope
changed when the water supply pressure was high enough to pass the hydrophobic pores, and

the slope was close to the pure hydrophobic MPL. The water flow rate obtained with the
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composite MPL with the separate mixing method was much higher than that obtained with the
hydrophobic MPL. Based on the water permeability characteristics, it is considered that the
hydrophobic and hydrophilic pores were separately generated in the composite MPL.

The composite MPL with the premixing method did not present clear and different water
permeability slopes, which means the hydrophobic and hydrophilic materials simultaneously
existed in the same pore, so the pure hydrophilic and hydrophobic pores were not generated.
The premixing composite MPL lowered the hydrophobicity of pores, and the water
breakthrough pressure was the intermediate value between the hydrophobic MPL and

hydrophilic MPL.
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4.3.3.2 The Water Permeability Simulation Analyze

After obtaining the water permeability test results, a simple pore distribution assumption
was raised to evaluate whether the results were reasonable. Using Hagen-Poiseuille's law, the
tube model of MPL coated GDL was assumed as Figure 4.8(a), with the water flow rate per
unit area can be calculated by Eq. (4.1). Here, the hydrophobic MPL, hydrophilic, and
composite MPL applied the same discrete pore distribution, which the pore distribution model
with a maximum pore diameter of 20 um, mean pore diameter of 5 um, and porosity of about

65%, as shown in Figure 4.8(b) [87].

OHydrophobic pore
®m Hydrophilic pore
200000
h
dj
150000
g
= 100000
=
Z
50000
0
0 5 10 15 20
Pore diameter d; (um)
(a) Tube model. (b) Discrete pore distribution model.

Figure 4.8 The (a) tube model and (b) discrete pore distribution model of MPL for calculation, pore diameter
d; is from 1-20 um, and porosity is 65%.

For composite MPL, the large pores were assumed to possess hydrophilicity, and the pore
distribution was sharply divided into hydrophobic parts with relatively small pore sizes and
hydrophilic parts from 12 pum, as indicated in Figure 4.8(b). The in-pore contact angles were
calculated from the experimental water breakthrough pressure, 135 “for hydrophobic and 110
for hydrophilic pores from the previous chapter of the double MPL evaluation. Based on Eq.
(4.2), the pores that can be permeated are determined by comparing the water supply pressure
p to the capillary force of the pores. The water permeability simulation resultsa are shown in

Figure 4.9.
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¢ = 1”211’; Z‘f (4.1)
where dj is the pore diameter, j is the serial number corresponding to the pore size in the range
of 1-20 um, q; is the water flow rate corresponding to specific pore diameter (cm® min), nj is
the number of permeable pores at specific pore diameter, « is the viscosity coefficient,
1water=0.00001822 (Pa s), and h is the length of the pore (m).

—4y c08 Opore
p.=—- 4.2)
o
where pj is the capillary pressure corresponding to specific pore diameter (kPa), pore is the in-

pore contact angle (deg), y is the surface tension of wetting liquid (ywaer=0.072 N m™).

...... Hydrophobic MPL »+====  Hydrophobic MPL
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(a) Water permeability simulation results from 0 (b) Water permeability simulation results from 0 to
to 30 kPa. 100 kPa.
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Empty hydrophilic pore O Saturated hydrophilic pore @
Empty hydrophobic pore O Saturated hydrophobic pore @

Point A (With pressure of 2 kPa) Point B (With pressure of 4 kPa)
In the slope from A-B range: water saturation increases

Point B' (With pressure of 4 kPa) Point C (With pressure of 22 kPa)
In the slope B'-C range: unchanged water saturation

Point C' (With pressure of 22 kPa) Point D (With pressure of 30 kPa)
In the slope C'-D range: water saturation increases

(c) The schematic diagram of the cross-sectional area of the hydrophilic and hydrophobic pores participate

in water transport at the slope change points.

Figure 4.9 The (a) water permeability simulation results from 0 to 30 kPa, (b) water permeability simulation

results from 0 to 100 kPa, and (c) The schematic diagram of the cross-sectional area of the hydrophilic and

hydrophobic pores participate to water transport at the slope change points.

During the simulation process, as shown in Figure 4.8(b), since the pore size distribution

model was a discrete data model, the pores in each MPL were progressively occupied by water

as the pressure gradually increased. The supply pressure continues to grow, but no more holes
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will be added to the water transfer until the supply pressure reaches the capillary pressure
corresponding to the next hole size. At this moment, all pores that already participated in water
transfer reached a saturated state. Therefore, the water permeability simulation results followed
Hagen-Poiseuille’s equation, so the simulation results showed a step-like shape.

In the results, the water permeability corresponding to all samples increased rapidly at the
relatively low-pressure stage, as shown in Figure 4.9(a). This is because the permeated pore
diameter increased as the pressure was raised. Under the joint action of the corresponding pore
number and pressure, showing a growth slope greater than 1, the water permeability curve was
concave downward.

Here, the explanation focused on the composite MPL. For composite MPL, as described
previously, the initial slope range corresponding to water saturation of the hydrophilic pores
gradually increased with supply pressure and the number of pores, generating a water
permeability curve downward concave, as shown in Figure 4.9(a)-A to B, relating to water
saturation of the pores is shown in Figure 4.9(c)-A and B. After the limited hydrophilic pores
reached saturation in Figure 4.9(a)-B', the hydrophobic pores had not yet participated in water
transport as in Figure 4.9(c)-B'. Hence, the water permeability at this transient period in Figure
4.9(a)-B' to C increased with the supply pressure, resulting in a lower second slope. When the
supply pressure was larger enough than 22 kPa in Figure 4.9(a)-C', hydrophobic pores with a
maximum pore diameter of 12um began to participate in water transmission as Figure 4.9(c)-
C', and as the supply pressure continued to increase, more small hydrophobic pores joined in
water transmission as Figure 4.9(c)-D. At this time, the water transport of the composite sample
was shared through all hydrophilic pores, and some hydrophobic pores, thus forming the third
slope, as shown in Figure 4.9(a)-C' to D.

The simulation with the expanded supply pressure range is shown in Figure 4.9(b).
Eventually, when the supply pressure was larger than 50 kPa, most pores in each sample
reached a saturated state. At this point, the water permeability only changed with pressure, so
all samples indicated similar water permeability by applying the same pore distribution.
Therefore, comparing the calculation results and experimental data, the decreased water
permeability slopes are reasonable in the experiment because the experimental data only

indicated the initial and transient slopes, which resulted from the distribution of the hydrophilic
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and hydrophobic pores in the composite MPL. If the water supply pressure could be increased
as high as possible, the third slop of water permeability would be obtained.

While the above results have identified the best method for making composite MPLs,
whether there is a difference in the actual internal pore structure cannot be further confirmed.
However, it is believed that the separate hydrophilic and hydrophobic pore structure generation
mainly causes the difference in performance. However, exploring the internal pore structure
should be supplemented in future test plans using FIB-SEM to explain the factors affecting
performance more comprehensively.

Therefore, comparing the calculation results and experimental data, the decreased water
permeability slopes are reasonable in the experiment because the experimental data only
indicated the initial and transient slopes, which resulted from the distribution of the hydrophilic
and hydrophobic pores in the composite MPL. If the water supply pressure could be increased
as high as possible, the third slop of water permeability would be obtained.

While the above results have identified the best method for making composite MPLs,
whether there is a difference in the actual internal pore structure cannot be further confirmed.
However, it is believed that the separate hydrophilic and hydrophobic pore structure generation
mainly causes the difference in performance. However, exploring the internal pore structure
should be supplemented in future test plans using FIB-SEM to explain comprehensively the

factors affecting performance.
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4.3.3.3 The Relative Oxygen Permeance of MPLs with Different Mixing Methods

Figure 4.10 illustrates the relative oxygen permeance ko» values obtained with the
hydrophobic MPL (20%PVDF), hydrophilic MPL (7.5%Nafion-2.5%TiO.), and composite
MPLs (10%PVDF-7.5%Nafion-2.5%TiO2) prepared with the separate mixing and premixing
methods. The ko2 parameter effectively characterizes the ratio of pores with accumulated liquid
water to the total pores. The hydrophobic MPL (20%PVDF) maintained nearly half of the entire
pore space for oxygen diffusion. The hydrophilic MPL (7.5%Nafion-2.5TiO.) absorbed water
into almost all available pores due to its relatively strong hydrophilicity, leaving no pores for
gas diffusion. Consequently, the ko> was nearly zero. In the case of the composite MPL
(10%PVDF-7.5%Nafion-2.5%Ti0O,) with a separate mixing method, hydrophilic pores
retained most liquid water while maintaining the hydrophobic pores for oxygen pathways. In
the case of the composite MPL with the premixing method, weak hydrophobic pores increased

liquid water pathways, resulting in a comparatively lower ko, value.

Hydrophobic MPL
(20%PVDF)

Composite MPL
(10%PVDF-7.5%Nafion-2.5%TiO,)
(Separate mix)
Composite MPL
(10%PVDF-7.5%Nafion-2.5%TiO,)
(Premix)

Hydrophilic MPL
(7.5%Nation-2.5%TiO,)

0 02 04 06 038 1
Relative oxygen permeance kg,

Figure 4.10 The relative oxygen permeance after the water permeability test for the hydrophobic MPL

(20%PVDF), hydrophilic MPL (7.5%Nafion-2.5%TiO,), and composite MPL (10%PVDEF-7.5%Nafion-
2.5%Ti0O») prepared with separate mixing and premixing methods.
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4.3.3.4 The Oxygen Transport Resistance of MPLs with Different Mixing Methods

Figure 4.11 shows the Riota Obtained with the hydrophobic MPL (20%PVDF), hydrophilic
MPL (7.5%Nafion-2.5%TiO), and composite MPLs (10%PVDF-7.5%Nafion-2.5%TiO>)
prepared with separate mixing and premixing methods. In the case of the composite MPL with
the separate mixing method, the hydrophilic pores were responsible for liquid water
transportation from the catalyst layer to the GDL substrate. In contrast, the hydrophobic pores
were kept for oxygen diffusion, significantly reducing the oxygen transport resistance. In the
case of the composite MPL prepared with the premixing method, hydrophobic and hydrophilic
pores were not separately generated. Thus, the Riotal Obtained for the composite MPL with the

premixing method was higher than that for the hydrophobic MPL (20%PVDF).

Hydrophobic MPL
(20%PVDF)

Composite MPL
(10%PVDF-7.5%Nafion-2.5%TiO,)
(Separate mix)

Composite MPL
(10%PVDEF-7.5%Nafion-2.5%T10,)
(Premix)

Hydrophilic MPL
(7.5%Nafion-2.5%Ti0,)

(i

0 50 100 150
Total oxygen transport resistance R, (s m!)

Figure 4.11 The total oxygen transport resistances obtained with hydrophobic MPL (20%PVDF), hydrophilic
MPL (7.5%Nafion-2.5%Ti0;), and composite MPL (10%PVDF-7.5%Nafion-2.5%TiO,) prepared with
separate mixing and premixing methods under conditions of 200%RH, supplied gas flow rate of 1000 cm?
min! and cell temperature of 35 °C.
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4.3.4 Effect of TiO, Content in Composite MPL with PVDF, Nafion and TiO,

Figure 4.12 shows the surface contact angles of the hydrophobic MPLs, hydrophilic MPLSs,
and composite MPLs with different ingredients. Single MPLs were explicitly prepared to assess
the impact of the hydrophobicity and hydrophilicity in the composite MPLs on the surface
contact angle. These hydrophilic MPLs were formulated using the same hydrophilic

compositions of the composite MPLs described in Table 4.1.

(a) Hydrophobic MPL (b) Hydrophobic MPL (c) Hydrophilic MPL
(20%PVDF) (10%Nafion) (7.5%Nafion-2.5%TiOy)

(d) Hydrophilic MPL (e) Hydrophilic MPL (f) Composite MPL
(5%Nafion-5%TiOy) (2.5%Nafion-7.5%TiO,) (15%PVDF-5%PVA)

Figure 4.12 Surface contact angles of hydrophobic MPLs, hydrophilic MPLs, and composite MPLs with
different ingredients.

The PVDF was selected as a hydrophobic binder to coordinate the same sintering
temperature of 150°C as that of the PVA binder. The MPL (20%PVDF) presented the same 6
value as that of MPL (20%PTFE) shown in Figure 4.1(a). The composite MPL (15%PVDF-
5%PVA) exhibited strong hydrophilicity, which presented hydrophilicity similar to the
hydrophilic MPL (5%PVA) shown in Figure 4.12(b). Therefore, PEFC performance was not
enhanced due to the aggravating liquid water accumulation at the CL and MPL. Thus, the PVA
was not an appropriate hydrophilic binder for the composite MPL design.

The Nafion binder, having a 150<C sintering temperature, was chosen as the weak
hydrophobic binder. As for Nafion, the MPL (10%Nafion) exhibited a high contact angle value,
which revealed the same contact angle as that observed for the hydrophobic MPL (20%PVDF).
The MPL with Nafion displayed strong hydrophobic characteristics due to the effect of PTFE-
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backbone structures in Nafion, as shown in Chapter 2. To further modify the hydrophilicity of
the composite MPL, the hydrophilic TiO particles were introduced into the PVDF-Nafion
composite MPL. When the TiO. content increased from 2.5% to 7.5%, the surface contact angle
decreased from 84 °to 22 signifying a gradual transition toward hydrophilicity.

Figure 4.13 indicates the I-V curves and IR overpotentials of several tested samples.

—&— Hydrophobic MPL (20%PVDF)
—— Composite MPL (10%PVDF-7.5%Nafion-2.5%Ti0,)
—e— Hydrophilic MPL (7.5%Nafion-2.5%T10,)
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Figure 4.13 Polarization curves and IR overpotentials obtained with single MPL and composite MPL coated
GDLs with different preparation methods under conditions of 2% oxygen concentration, 200%RH, a back
pressure of 101 kPa abs, a supplied gas flow rate of 1000 cm? min’!, and a 35 °C cell temperature.

According to the iiim, Figure 4.14 indicates the effects of the TiO> content in the composite

MPL containing PVDF, Nafion, and TiO2 on the Rt value based on the Eq. (2.7). The
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composite MPL (10%PVDF-10%Nafion) without TiO> could not improve the performance
compared with hydrophobic MPL (20%PVDF). Adding the hydrophilic TiO2 to the composite
MPL effectively reduced the Riota. The lowest Riota Was obtained with the composite MPL
(10%PVDF-7.5%Nafion-2.5%Ti0). Consequently, implementing an appropriate composite
MPL coated GDL effectively reduced oxygen transport resistance under high humidity
conditions. This composite MPL contained distinct hydrophobic and hydrophilic pores,
synergistically facilitating efficient gas diffusion and water transportation. Specifically,
appropriate hydrophilic pores facilitated water discharge from the catalyst layer. As a result,
water accumulation was alleviated, enhancing gas diffusion toward the catalyst layer.
However, when excessive TiO, was added to the composite MPL, the gradually reinforced
hydrophilicity led to worse performance and presented the highest Rt for the composite MPL
(10%PVDF-2.5%Nafion-7.5%TiO). Strong or weak hydrophilicity could not provide the
appropriate water transport ability to expel water from the interface between the catalyst layer

and MPL to reduce oxygen transport resistance.

Hydrophobic MPL
(20%PVDF)

Composite MPL
(10%PVDF-10%Nafion)

Composite MPL
(10%PVDF-9%Nafion-1%Ti0,)
Composite MPL
(10%PVDF-7.5%Nafion-2.5%TiO,)

Composite MPL
(10%PVDF-5%Nafion-5%TiO,)

Composite MPL
(10%PVDF-2.5%Nafion-7.5%TiO,)

0 40 80 120
Total oxygen transport resistance R, (s m!)

Figure 4.14 The total oxygen transport resistances obtained with hydrophobic MPL (20%PVDF) and
composite MPL (PVDF-Nafion-TiO,) with different hydrophilic compositions under conditions of 200%RH,
supplied gas flow rate of 1000 cm® min™! and cell temperature of 35 °C.
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4.3.5 Effect of Composite MPL Coated GDL on Pressure-dependent and

Pressure-independent Resistances

Figure 4.15 summarizes the relationship between the oxygen partial pressure po2 and the
limiting current density him under various back pressure conditions when composite MPL
coated GDL was applied to obtain the average Riwotal [57,59]. The assessment of the composite
MPL coated GDL effectiveness involved the examination of Ry and Rnp, both components
separated from the Riwta as defined in Eq. (2.7) and is shown in Figure 4.16. Performance
enhancement obtained with the composite MPL coated GDL was considered by the pressure-
independent resistance Rnp, and the pressure-dependent resistance R, was separated from the
total oxygen transport resistance Riotal.
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Figure 4.15 Relationship between the limiting current density and oxygen partial pressure obtained with a
composite MPL coated GDL (10%PVDF-7.5%Nafion-2.5%Ti0;) at different back pressures under
200 %RH, supplied gas flow rate of 1000 cm® min™' and cell temperature of 35 °C.
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Figure 4.16 The pressure-dependent and pressure-independent resistances separated from the total oxygen
transport resistance obtained with hydrophobic MPL (20%PVDF) and composite MPL (10%PVDF-
7.5%Nafion-2.5%Ti0,) prepared with separate mixing and premixing methods at different back pressures
under 200 %RH, supplied gas flow rate of 1000 cm® min! and cell temperature of 35 °C.

Figure 4.17 presents these values obtained with the hydrophobic MPL (20%PVDF) and
composite MPLs (10%PVDF-7.5%Nafion-2.5%TiO,) prepared with separate mixing methods
were analyzed under various pressure pgas conditions at 200%RH and 35<C cell temperature.
When the cell operated near the iim, the flooding became severe, and liquid water transport
ability significantly varied through the properties. For the hydrophobic MPL (20% PVDF)
coated GDL, the excess liquid water mainly passes through the large pores generated in the
hydrophobic MPL with relatively low capillary pressures. However, the water expelling ability
could not meet the demand to further reduce the amount of the accumulated liquid water at the
interface between the catalyst layer and the MPL, which reduced oxygen supply to the catalyst
layer and increased the Rpp.

The composite MPL with the separate mixing method exhibited a noteworthy reduction in
the Rnp and R values compared to those obtained with the hydrophobic MPL (20%PVDF). The
hydrophilic pores enhanced the ability of the MPL to discharge excess water at the catalyst

layer while maintaining oxygen pathways in the hydrophobic pores. Conversely, the composite
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MPL with the premixing method did not enhance performance due to the uniform formation
of mild hydrophobic pores. The reduced hydrophobicity increased the number of pores as
potential water pathways, allowing excessive water accumulation in the catalyst layer and the
MPL. Meanwhile, the limited empty pores were insufficient to supply abundant oxygen to the
catalyst layer. Consequently, this disrupted the delicate balance between water and oxygen
diffusion, elevating the Rnp and Ry values under low and high humidity conditions.

B Total oxygen transport resistance R,
B Pressure-dependentresistance R,
O Pressure-independent resistance R,

Hydrophobic MPL
(20%PVDF)

Composite MPL
(10%PVDF-7.5%Nafion-2.5%TiO,)
(Separate mix)

Composite MPL
10%PVDEF-7.5%Nafion-2.5%TiO,
( 2
(Premix)

0 30 60 90 120
Oxygen transport resistance (s m!)

Figure 4.17 The pressure-dependent and pressure-independent oxygen transport resistances in the total
oxygen transport resistance obtained with hydrophobic MPL (20%PVDF) and composite MPL (10%PVDF-
7.5%Nafion-2.5%Ti0O,) prepared with separate mixing and premixing methods under conditions of
200 %RH, a back pressure of 101 kPa, supplied gas flow rate of 1000 cm® min"! and cell temperature of
35°C.

The previous work demonstrated that a double MPL in Figure 4.18(a), in which a
hydrophilic MPL (5%Nafion-25%TiO.) was coated on the hydrophobic MPL coated GDL,
decreased the Riotai to 70 s m™ in Chapter 3. An appropriate composite MPL could form a more
balanced distribution of hydrophilic and hydrophobic pores within the MPL by connecting CL
and substrate, which enhanced the ability of the MPL to expel excess water from the catalyst
layer and without oxygen transport blockage in Figure 4.18(b), further reducing the Riota below

60 s m under high humidity conditions.
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Figure 4.18 The schematic diagram of the water transport from the substrate to the CL in the cathode when
applied (a) double MPL coated GDL and (b) composite MPL coated GDL.
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5. The Comparison Between Commercial, Double, and Composite

MPL coated GDLs

After assessing both double MPL and composite MPL coated GDLs, it becomes imperative
to ascertain their capability to meet the performance requirements. Equally crucial is
determining whether our in-house novel MPL coated GDLs can outperform the standard
commercial MPL coated GDL, represented by the SGL 22BB (SIGRACET®), a widely used
product in industries. The schematic diagrams of the SGL 22BB, double MPL, and composite
MPL coated GDLs are shown in Figure 5.1 to help readers easily understand the configurations
of these samples. The SGL 22BB, with a thickness of 215 um, incorporates a hydrophobic
MPL containing 20% PTFE and 5% PTFE-treated carbon paper. Notably, the maximum pore
size of the SGL 22BB was measured to be larger than 40 um. Besides, it is also necessary to
compare the R, of tested MPLs to NEDO demanded target value of 18 s m™ in 2030 under 100
kPa abs, 80%RH with a cell temperature of 80 <C.

i 'y Y
Substrate 110 pum Substrate 110 um Substrate 110 pm

v 'y
- A ] 4, 5 40 pm

Hydrophobic layer I 40 pm Hydrophobic layer 35 um v

X 35um X o
Hydrophilic layer Hydrophobic Hydrophilic
pores pores
(a) SGL 22BB (b) Double MPL (c) Composite MPL

Figure 5.1 The schematic diagrams of the SGL 22BB, double MPL, and composite MPL.
5.1 The Oxygen Transport Resistances Comparison with Low Oxygen
Concentration under High Water Saturation Conditions and Normal

Conditions

In this context, the separation tests were broadened to encompass normal conditions
(80%RH, Tcen =80<C) for the novel MPL coated GDLs. Simultaneously, measurements were
conducted under highly saturated conditions (200%RH, Tcen =35<C) and normal conditions for

the SGL 22BB. The comparative results for all gas pressure conditions across the three samples
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are outlined in the detailed breakdown of Rp, Rnp, and Riotal for the three samples under high
saturated and normal conditions, presented in Figure 5.2(a) and (b).

m Total oxygen transport resistance R,
m Pressure-dependentresistance R,
o Pressure-independent resistance Ry,

SGL 22BB

Double MPL
(5%Nafion-25%T10,)

Composite MPL
(10%PVDF-7.5%Nafion-2.5%T10,)

1

(=]

20 40 60 80 100
Total oxygen transport resistance (s m')

(a) Under 200 %RH and a 35 <T cell temperature.

m Total oxygen transport resistance Ry
@ Pressure-dependent resistance R,
o Pressure-independent resistance Ry,

SGL 22BB

Double MPL
(5%Nafion-25%Ti0,)

Composite MPL
(10%PVDF-7.5%Nafion-2.5%Ti0,)

LR

<

20 40 60
Total oxygen transport resistance (s m')

(b) Under 80%RH and an 80 <T cell temperature.

Figure 5.2 The pressure-dependent and pressure-independent oxygen transport resistances in the total oxygen
transport resistance obtained from single MPL, double MPL, and composite MPL coated GDLs with a
supplied gas flow rate of 1000 cm?® min™!, under (a) 200 %RH and a 35 °C cell temperature, and (b) 80%RH
and an 80 °C cell temperature, respectively.

In both high saturated and normal conditions depicted in Figure 5.2(a) and (b), SGL 22BB

consistently exhibited high values of Rnp and Rp. This high resistance is attributed to its strong
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hydrophobicity, which hinders liquid water transport from the CL and MPL interface to the
channels during flooding incidents. Introducing a thin hydrophilic MPL in the double MPL
coated GDL resulted in lower Rnp and Ry than the 22BB. The hydrophilic layer played a role in
transporting water into the hydrophobic pores, enhancing the expulsion of water to the
channels. However, despite the improved water expulsion compared to the hydrophobic 22BB,
the hydrophilic layer could not directly transport water to the substrate. The uniform
hydrophilicity in the hydrophilic layer inevitably partially impeded oxygen transport in some
hydrophobic pores after water absorption, preventing a further reduction in the Ryotal.

In contrast to the double MPL, the performance improvement was achieved by reorganizing
the hydrophilic and hydrophobic structures in the composite MPL coated GDL, resulting in a
similar Rnp but significantly lower R, than the double MPL. This enhancement can be attributed
to a more effective arrangement of hydrophilic and hydrophobic structures. Hydrophilic pores
directly connect the CL and MPL interface and the substrate rather than connect the CL/MPL
interface to the hydrophobic layer in the double MPL. Consequently, the composite MPL
coated GDL achieved more efficient water transport by utilizing connected pores to mitigate
flooding, as evidenced by lower R, values under all conditions. Furthermore, the introduction
of artificially constructed water transport pathways ensured that water transport did not impede
gas transport in hydrophobic pores. Once an optimal balance between gas and water transport
was established, the composite MPL coated GDL exhibited significantly improved
performance compared to the double MPL coated GDL.

After evaluating the performance of the SGL 22BB, double MPL, and composite MPL, a
detailed analysis of R, and Rnp under 101 kPa absolute pressure, as well as under high saturated
and normal conditions, under high saturated conditions (200%RH, Tcen=35<C), the Ry and Rnp
of 22BB were 44 s m™ and 43 s m*, respectively. The double MPL showed the same R;, as
22BB but a lower Ryp of 27 s m™, while the composite MPL exhibited the lowest R, of 32 s m-
Land Rnp 0f 26 s m™™,

Under normal conditions (80%RH, Tcet =80<C), the Rnp of 22BB was 18 s m™, and R, was
16 s m™. The double MPL indicated a slightly lower R, of 17 s m™ and significantly reduced
Rnp to 11 s m™ than the SGL 22BB [86]. The composite MPL coated GDL showed an R, of 18

s m™ and a further reduction in Rnp of 10 s m™,
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Hence, when comparing the two types of novel MPL coated GDLs, it becomes evident that
the composite MPL coated GDL outperforms the double MPL coated GDL, showcasing
notably superior performance to the widely utilized commercial SGL 22BB. This observation
underscores the effectiveness of the developed composite MPL in mitigating flooding under
both highly saturated and normal conditions, achieved through its specially designed structure.
Simultaneously, the newly designed double layer and composite MPL exhibit low molecular
diffusion resistance under normal conditions, aligning with the anticipated molecular diffusion
indicators outlined in the NEDO roadmap. Furthermore, compared to the 22BB, the novel MPL

significantly reduces Knudsen diffusion resistance, further enhancing overall performance.
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5.2 The I-V Characteristic Curves Comparison with High Oxygen

Concentration under Normal Conditions

Following an evaluation conducted under low oxygen concentration conditions, Figure 5.3
illustrates the results of the I-V characteristic test carried out by NEDO under high cell
temperature and full air supply conditions. A comparison is made between the I-V curves of
Toray MPL (XGL) used in the commercial fuel cell vehicle and an in-house composite MPL
coated GDL. The experiments were conducted under 150 kPa abs, with the flow rate set at 400
cm?® min! for both the anode and cathode. The oxygen concentration was maintained at 21%,

and relative humidities were controlled at 80%RH when the cell temperature was set at 80 C.

—O—Composite MPL (10%PVDF-7.5%Nafion-2.5%T10:)

—Toray GDL (XGL)
1

=
co

)
o o
N o
T T

Cell voltage

e
]
T

0 [ [ [ [
0 1 2 3 4 5

Current density 7 (A cm?)

Figure 5.3 The I-V characteristic curves tests of Toray MPL (XGL) and composite MPL coated GDLs with
a supplied gas flow rate of 400 cm® min™! with 21% O, under (a) 40 %RH and an 80 °C cell temperature and
(b) 80%RH and an 80 °C cell temperature, respectively.

Figure 5.3 shows that the composite MPL presented higher performance than the
hydrophobic MPL (Toray XGL), particularly at 3 A cm from the NEDO target requirement.
At this evaluation point, the cell voltage of the composite MPL was at around 0.4 V, indicating

an approximately 27% improvement over the hydrophobic MPL (Toray XGL).
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In summary, whether under supersaturated conditions or normal humidity conditions, the
composite MPL achieves enhanced performance, effectively strengthening the robustness

regardless of the humidity variations.
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6. Conclusion and Future Prospects

An effective water management strategy in the PEFC should have the dual objectives of
preventing dehydration of the MEA by utilizing water generated by electrochemical reactions
in normal conditions while also expelling excess water from the CL. This approach helps
maintain gas diffusion, thus reducing concentration overpotential during high humidity and
normal conditions.’® The MPLs are crucial in promoting water removal from the catalyst layer
under high humidity conditions and preventing membrane dehydration under low humidity
conditions. The transmission of liquid water and oxygen can be effectively improved by
improving the hydrophilic and hydrophobic behavior and design parameters of the MPL. This
dissertation comprehensively overviews the development stages, design parameter testing, and
performance evaluation methods and outcomes for MPL coated GDL. The study primarily
focuses on designing and developing two novel MPL coated GDL structures: a double MPL
and a composite MPL. Extensive characteristic tests and performance assessments revealed
that the double layer and composite MPL coated GDLs outperform traditional hydrophobic
MPL and commercial SGL 22BB. The ensuing conclusions are drawn based on the obtained
test results.

Chapter 1 mainly describes the background of the hydrogen-utilized PEFC system and
elaborates on the working principle and overpotentials. Moreover, the different MPL
modification methods were compared, and the visualization and simulation proved the
importance of water management in the cell.

Chapter 2 elucidated the design parameter testing and performance evaluation methods and
apparatuses.

Chapter 3 focused on the double MPL coated GDL development. The double MPL
incorporated a thin hydrophilic MPL and hydrophobic MPL coated GDL. Initially, the
hydrophilic and hydrophobic properties of the double MPL were assessed using the sessile
drop method. This allowed for adjusting the hydrophilic MPL characteristics based on the
measured surface contact angle, ensuring a tuning of hydrophilic and hydrophobic properties.
According to the surface contact angle, the hydrophilic layer employing a Nafion binder

initially exhibited unexpected hydrophobicity, necessitating the addition of TiO> to enhance its
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hydrophilic properties. Water treatment became imperative for accurately determining the
water breakthrough pressure in the MPL containing Nafion post-sintering at high temperatures.
Because the Nafion binder lost water molecules during the preparation, water treatment can
rebuild the water pathways, evaluating the real property of Nafion. After water treatment, the
resulting in-pore contact angle, derived from the water breakthrough pressure, depicted the
difference before and after water treatment and also found a decrease as the TiOz content in the
hydrophilic layer increased. In the context of the double MPL, the hydrophilic layer played a
crucial role in facilitating the introduction of liquid water into the hydrophobic MPL pores.
This enhancement improved the capacity to expel excess water from the catalyst layer, thereby
reducing pressure-independent oxygen transport resistance. Specifically, the optimal
hydrophilic MPL composition (5% Nafion-25% TiO>) within the double MPL demonstrated a
noteworthy 20% reduction in oxygen transport resistance compared to a conventional
hydrophobic MPL under high saturated conditions. Conversely, in the scenario of the
hydrophilic layer utilizing a PVA binder, the robust hydrophilicity resulted in significant water
accumulation in both the catalyst layer and the MPL. This accumulation obstructed oxygen
transport, leading to elevated pressure-independent and pressure-dependent resistances,
substantially increasing the total oxygen transport resistance.

Chapter 4 delves into developing the innovative composite MPL coated GDL. Unlike the
hydrophobic and hydrophilic MPL configurations in the double MPL, the composite MPL
seamlessly integrates hydrophilic and hydrophobic pores within the same layer, necessitating
distinctive preparation methods. The composite MPL, crafted by mixing hydrophilic and
hydrophobic slurries, effectively generates both pores. Water permeability was a crucial metric
to ascertain the separate generation of hydrophobic and hydrophilic pores. The meticulously
crafted composite MPL, characterized by a low water breakthrough pressure, exhibited two
distinct increasing slopes of water permeability, a departure from the single slope of the
conventional single MPL. The relative oxygen permeance is employed to assess oxygen
transportability when the sample absorbs liquid water under specific pressure conditions,
demonstrating the desired dual function of gas-liquid transport balance in the assembled
composite MPL. Sintering the composite MPL at 350<C with PTFE and PVA binders results

in PVA burning, yielding performance akin to the hydrophobic MPL. Conversely, a lower
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sintering temperature of 150 <C induces strong hydrophilicity in the MPL, causing a significant
degradation in performance. The composite MPL using PVDF and Nafion binders at a sintering
temperature of 150<C fails to achieve performance enhancement due to Nafion exhibiting
hydrophobicity influenced by PTFE-backbone structures. To introduce hydrophilicity, it
becomes imperative to incorporate hydrophilic TiO> particles into the Nafion binder. Through
the adjustment of the proportion of hydrophilic material ingredients and extensive performance
testing, the optimal composite MPL, comprising 10% PVDF, 7.5% Nafion, and 2.5% TiO,
demonstrates a substantial reduction in total oxygen transport resistance under high saturated
conditions, notably lowering pressure-independent oxygen transport resistance compared to
that obtained with the hydrophobic MPL.

In Chapter 5, the test conditions for oxygen diffusion resistance were expanded to include
high-temperature normal conditions. The primary focus was comparing the oxygen transport
resistance of the two novel samples and a commercial hydrophobic sample, along with
evaluating Knudsen diffusion and molecular diffusion resistances after separation. The double
MPL and composite MPL demonstrated the ability to reduce total oxygen diffusion resistance
under both high saturated and normal conditions compared to the commercial sample SGL
22BB. These novel MPLs effectively mitigated Knudsen diffusion and molecular diffusion
resistance, indicating their efficacy in reducing flooding compared to the hydrophobic SGL
22BB. Further analysis revealed that, under high saturated and normal conditions, although the
composite MPL exhibited a Knudsen diffusion resistance similar to the double MPL, it further
reduced molecular diffusion resistance. Consequently, it effectively alleviated flooding at the
interface of the CL and MPL, resulting in a lower total oxygen diffusion resistance. This
outcome highlighted that the composite MPL brought a more rational gas-liquid transport
function with its hydrophilic and hydrophobic pore structure settings. Under normal conditions,
SGL 22BB demonstrated a molecular diffusion resistance value comparable to the expected
value. At the same time, both the double MPL and the composite MPL exhibited resistance
values below the commercial SGL 22BB.

In summary, whether under highly saturated or normal conditions, the design of the
microporous layer plays a crucial role in mitigating the flooding phenomenon in PEFC.

Reasonable microporous layer design can effectively promote the elimination of liquid water
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while ensuring the transmission of reactant gases, thereby reducing the power output
limitations caused by overflow. Proper introduction of hydrophilic properties in an appropriate
manner into traditionally hydrophobic samples can facilitate liquid water transport. In this
study, a new composite microporous layer with excellent performance, the composite MPL,
emerges as a promising design with significant potential, suggesting that future developments
in MPL coated GDL should build upon this innovative design.

After identifying composite samples with excellent performance, future research can focus
on developing new MPL coated GDL based on the substrate. It is important to note that this
dissertation did not delve into modifications involving different types of substrates. Thus,
future studies, especially those exploring the self-standing microporous layer (SSMPL), should
be introduced to address this gap. Figure 6.1 illustrates the present composite MPL and the
future design plan for the SSMPL. The current composite MPL was coated on carbon paper
with a thickness of 110 um. Presently available commercial carbon mesh can significantly
reduce the thickness to 40 um. In the envisioned application of carbon mesh as the backbones
for the composite MPL, the composite slurry would adhere to the carbon mesh, creating a
smooth surface with an estimated thickness lower than 100 um. The SSMPL holds the potential
to effectively mitigate ohmic overpotential and high thermal conductivity issues associated
with substrate thickness, given its capability to be produced in extremely thin dimensions
[93,112-115]. Therefore, the cell performance could be further improved when the composite

MPL coated carbon mesh is applied.

4 Carbon mesh
\
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Hostate 110 pm X\<>< ><>< >k>,>< >< ‘LLess than
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(@) Composite MPL coated GDL (b) Self-standing composite MPL

Figure 6.1 The schematic diagram of the (a) present composite MPL coated GDL and (b) future design self-
standing composite MPL.
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