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Carbon corrosion in a catalyst layer (CL) deteriorates the performance and durability of proton-exchange membrane fuel cells
(PEMFCs), which are closely related to water management within these cells. This study investigates the characteristics of
water behavior of two gas diffusion layers (GDLs) and compares their influence on degrees of degradation in the CL. First, the
properties of the GDLs, including their thickness, pore size distribution, gas permeability, electrical resistance, contact angle,
and polytetrafluoroethylene (PTFE) content, are evaluated. The dynamic behavior of liquid water is observed using a
visualization cell and synchrotron X-ray imaging. Second, a modified accelerated stress test (AST), which includes a water
generation reaction within the catalyst support protocol of the US Department of Energy (DOE), is performed. For assessing
the degradation, we utilize polarization curves, electrochemical impedance spectroscopy, cyclic voltammetry, scanning electron
microscopy, and field emission transmission electron microscopy. The results reveal that, even though GDL B contains a
higher hydrophobic content than GDL A, it exhibits lower water discharge, indicating a reduced performance at high relative
humidity (RH) levels. This is attributed to a low capillary pressure gradient, which is influenced not only by PTFE but also by
the overall pore structure (i.e., porosity and pore size). Consequently, a high capillary pressure gradient can enhance water
discharge and thereby mitigate carbon corrosion and Pt agglomeration in the CL. In addition, the application of the modified
AST induces carbon corrosion with fewer cycles than that achieved using the DOE carbon support protocol.

1. Introduction

Proton-exchange membrane fuel cells (PEMFCs) are energy
conversion devices that directly convert the chemical energy
of a reactant into electric energy [1, 2]. Some important
advantages of PEMFCs are their high energy conversion
rate, high power density, low emissions, easy scale-up, and
fast startup [3–8]. PEMFCs are mainly composed of a bipo-
lar plate, catalyst layer (CL), membrane, and gas diffusion
layer (GDL). The GDL is composed of a macroporous sub-

strate and a microporous layer (MPL). The substrate is made
of carbon fibers and polytetrafluoroethylene (PTFE), while
the MPL is composed of carbon particles and PTFE. PTFE
enhances the hydrophobicity of the GDL. The hydrophobic
nature of the GDL plays a crucial role in the removal of
water [9, 10]. Note that PEMFCs need to be sufficiently
humidified to be able to transfer protons through the elec-
trolyte. During the operation of PEMFCs, water is generated
as a byproduct of the electrochemical reaction at the cath-
ode. Depending on operating conditions, excess water can
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accumulate internally, leading to flooding. As a result,
oxygen cannot reach the CL, resulting in performance
degradation.

It is essential to ensure the durability of commercial fuel
cells, which is affected by various factors. Carbon corrosion
is one such critical factor. PEMFCs undergo carbon corro-
sion during their startup and shutdown, as well as during
fuel starvation. A hydrogen/air interface forms under such
conditions, which generates a high electrode potential at
the cathode. This phenomenon, known as the “reverse-
current mechanism” [11], results in the water electrolysis
reaction (WER) (Equation (1)) as well as the carbon oxida-
tion reaction (COR) (Equation (2)) [12, 13].

2H2O⟶O2 + 4H+ + 4e− WER 1

C + 2H2O⟶ CO2 + 4H+ + 4e− COR 2

As both the CL and GDL are predominantly composed
of carbon, they are highly susceptible to carbon corrosion,
which causes significant changes in their material properties
and structures. These changes can degrade the performance
of PEMFCs. Many studies have examined the effects of car-
bon corrosion. Saha et al. [14] utilized the accelerated stress
test (AST) developed by the United States Department of
Energy (DOE) to observe the morphological changes caused
by carbon corrosion of the cathode CL. They divided these
changes into those occurring in the initial and later phases
of corrosion. Previous studies have reported a rapid rate of
carbon corrosion, a fast reduction in the thickness of the
CL, and a quick loss in the electrochemically active surface
area (ECSA) during the initial phase of carbon corrosion.
A dramatic collapse of the pore structure was observed dur-
ing the later phase of corrosion. Ha et al. [15] applied 1.45V
to induce carbon corrosion in the GDL and conducted a 96 h
test to assess the effects of corrosion. They observed a
decrease in the weight and thickness of the GDL after the
test. Furthermore, scanning electron microscopy (SEM)
analysis revealed that carbon corrosion causes structural
damage, which decreases the water removal capability,
thereby deteriorating the performance. Yu et al. [16] con-
ducted an accelerated degradation test on the GDL under a
constant voltage of 1.25V to observe its corrosion behavior.
The SEM images obtained after the test revealed the pres-
ence of numerous holes and cracks in the oxidized MPL of
the GDL. These holes and cracks also explain the PTFE loss
accompanied by carbon oxidation, which resulted in a loss of
hydrophobicity and subsequent degradation in performance.
Xu et al. [17] conducted an AST under a constant potential
of 1.42V for 48h. A performance evaluation of both aged
and pristine GDLs after the AST revealed increased high-
frequency resistance (HFR) and increased mass transfer
resistance in the high current density region. They attributed
this phenomenon to excess water that blocks oxygen trans-
fer. Furthermore, they noted that carbon corrosion was
more significant in the MPL, while the loss of PTFE was
more pronounced in the substrate.

Previous studies on the carbon corrosion of GDL
focused on inducing the degradation of durability by remov-

ing the GDL from the cell, which creates a significantly
harsher environment than that observed under real cell con-
ditions. Hence, for a more relevant assessment, studies that
performed durability acceleration with an assembled fuel cell
should be considered. Zhang et al. [18] conducted an AST
for carbon corrosion under cell state conditions and tested
the cell performance after separating the aged membrane
electrode assembly (MEA) and aged GDL. They reported
that the primary performance began to degrade when the
aged MEA was combined with a fresh GDL, whereas the
minimal performance began to degrade when the fresh
MEA was combined with an aged GDL. These findings sug-
gest that CL degradation is the main factor contributing to
performance degradation. Sim et al. [19] employed two
methods for inducing carbon corrosion. The first method
involved simulating hydrogen starvation during both startup
and shutdown conditions. The second method involved
applying cyclic voltages of 1.0 and 1.5V to the cathode.
Similar to Zhang et al. [18], Sim et al. also compared the per-
formance of a combination of aged MEA and fresh GDL
with that of fresh MEA and aged GDL. They found that
the carbon corrosion of the MEA has a higher detrimental
effect on the PEMFC performance than that of the GDL.
Hence, in a carbon corrosion environment, the GDL experi-
ences relatively minimal intrinsic degradation compared to
that experienced by the CL.

The carbon corrosion rate of the CL can vary based on
how water is managed (Equation (2)) [20–23]. Therefore, it
is essential to conduct research on carbon corrosion within
the CL, particularly in relation to the GDL, which plays a
crucial role in water management. Many studies have
primarily focused on the presence or absence of an MPL.
Spernjak et al. [24] studied carbon corrosion in a cathode
GDL. They reported that the cell with the MPL incorporated
in the GDL exhibited a lower reduction in the ECSA than
that in the cell without an MPL in the GDL under a 1.3V
holding condition at 80°C and RH 100%. Zuo et al. [25]
studied performance degradation in relation to the presence
or absence of an MPL. They found that during the aging
tests, the MPL protected the CL against carbon corrosion
and pore structure damage. Furthermore, the MPL
improved water transport, which suppressed the increase
in mass transfer losses. As the MPL is currently considered
an essential component, it is necessary to examine the rela-
tionship between the GDL design, water management, and
carbon corrosion using quantitative experimental data,
focusing on double-layer GDLs that include the MPL.

This study is aimed at analyzing the difference in the
carbon corrosion rate of a CL in two commercial GDLs
(including the MPL) exhibiting different properties in the
assembled fuel cell. The physical properties of the GDLs,
such as pore distribution, gas permeability, and electrical
resistance, are measured, and the differences in water behav-
ior of the GDLs are experimentally observed using a visual-
ization cell. In addition to using the US DOE catalyst
support protocol [26] for inducing carbon corrosion, this
study also employed the AST, which includes a constant cur-
rent operation, to simulate a corrosion environment that
reflects the generation and retention of water under actual
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operating conditions. To comprehensively assess the degree
of degradation, a systematic analysis is performed by com-
bining the electrochemical characterization of the MEAs
with a structural investigation of the CL and GDLs using
polarization curves, electrochemical impedance spectros-
copy (EIS), cyclic voltammetry (CV), SEM, field emission
transmission electron microscopy (FE-TEM), energy disper-
sive X-ray spectroscopy (EDS), and thermogravimetric
analysis (TGA). Finally, the capillary pressure gradients are
quantitatively compared to understand the water transport
phenomena in GDLs. A concise overview of the research is
provided in the Supplementary Materials (Figure S1).

2. Materials and Methods

2.1. Electrochemical Analysis. The AST was conducted using
a 25 cm2 single cell with serpentine flow channels at a fuel
cell station (Scitech Korea Inc.). The commercial MEA
(GFCC0035, GORE® PRIMEA®) consisted of 0.1 and
0.4mgPt cm

-2 of Pt/C catalysts at the anode and cathode,
respectively. All the GDLs (JNTG Co., Korea) composed of
a substrate and an MPL were assembled using the aforemen-
tioned MEA. Throughout the evaluation, the cell tempera-
ture, RH, and back pressure were maintained at 80°C,
100%, and atmospheric pressure, respectively. The electro-
chemical analysis of the single cells was conducted using a
potentiostat (HCP-803, BioLogic Science Instrument, France).
The following evaluation method was used: (1) activation: to
activate the assembled single cell, an activation process was
carried out for 3h. Hydrogen and air were supplied at 0.4 stan-
dard liters per minute (SLPM) to the anode and 2 SLPM to the
cathode, respectively. To facilitate the activation, cell voltages
of 0.4, 0.6, and 0.8V were repeatedly applied for 2min each.
(2) Polarization curves and EIS: the polarization curves and
EIS were measured at the same flow rates as those for the
activation process. The polarization curve was obtained by
varying the voltage from the open-circuit voltage to 0.3V at
a scan rate of 10mVs-1. The impedance measurements were
conducted in a frequency range of 103 kHz to 0.5Hz at a
current density of 1A cm-2 and an amplitude of 0.03A cm-2.
The x-intercept in the high-frequency region was used to
determine the HFR value. (3) CV: hydrogen and nitrogen were
supplied to the anode (0.2 SLPM) and cathode (1 SLPM),
respectively. The current density corresponding to the applied
voltage was measured in the voltage range of 0.05–1.2V at a
scan rate of 50mVs-1.

2.2. AST Protocol. The AST was performed after evaluating
the beginning of life (BOL) performance using the afore-
mentioned method. Figure 1 shows the experimental proce-
dures, including a modified AST protocol based on the DOE
catalyst support protocol. The original DOE protocol
involved a triangle sweep at a scan rate of 500mV s-1 in
the high voltage range (1.0–1.5V), leading to rapid carbon
support corrosion. The proposed AST protocol in this study,
based on the original DOE method, applied a constant
current density (1A cm-2) to each cell to induce water gen-
eration in the CL. This approach facilitates a faster degrada-
tion of the carbon support by producing water within the

CL. Next, potential cycling (triangle sweep) between 1.0 and
1.5V was conducted at a scan rate of 500mVs-1 for 1000
cycles. Durability tests are conducted three times, incorporat-
ing CV checks at each end of life (EOL), and a final EOL
performance involving both CV and polarization curves.

2.3. Material Properties. The thickness, electrical resistance,
and gas permeability of each GDL in a compressed state
were measured using CPRL10 (Living Care©, Korea). The
pore distribution and structural images of the GDLs were
characterized using mercury intrusion porosimetry (MIP)
(AutoPore IV 9505, Micromeritics, USA) and SEM (Regulus
8220, Hitachi, Japan), respectively. The PTFE contents were
analyzed via the EDS using Ultim Max (Oxford Instruments,
UK) and TGA (TGA N-1000, sincoM&T, Korea). The
contact angle of the GDL was measured using SmartDrop
(Femtobiomed, Korea). Microscopic analysis of the CL was
performed using FE-TEM (200 kV, JEOL JEM-F200). The
size and distribution of the Pt nanoparticles within the CL
were calculated using the average value of 200 particles
obtained from the FE-TEM images.

2.4. Synchrotron X-Ray Imaging for Visualizing Liquid
Water inside GDL. To compare the transport behavior of
liquid water inside the GDL, a synchrotron X-ray imaging
technique was employed. As shown in Figures 2(a) and
2(b), a visualization cell was specially designed to simulate
the actual liquid water transport from the CL to the cathode
channel. A gas diffusion electrode (GDE) was inserted
between the water channel and the GDL to uniformly supply
water and ensure a capillary pressure gradient similar to that
under the actual operating conditions. The sample thickness
was set with a compression rate of 10%, which was ensured
using a noncompressible sheet gasket. Additionally, the
thickness of the gasket is proportionally reduced as the
GDL thickness decreases. A single serpentine channel was
used to supply water and air. Water is injected into the
GDE side channel. Air was supplied to the GDL side channel
to simulate the gas flow in the cathode channel. Figure 2(c)
shows the inside of the cell. The widths of both the channels
and ribs were 0.8mm, while the heights of the water and air
channels were 0.8 and 0.4mm, respectively. The flow rates
for the water and air were determined by considering the
production amount and gas flow velocity under the 1.2A
cm-2 condition. The corresponding flow rates were 0.015
and 9.284mLmin-1 for the water and air, respectively. Water
injection was controlled using a syringe pump. The experi-
ments were conducted at the 6C and 9D beamlines of the
Pohang Accelerator Laboratory (Pohang, Korea). The beam
storage energy was 3GeV, and the corresponding beam
current was 360mA.

3. Results and Discussion

3.1. GDL Characteristics. This study uses two GDLs to
analyze the effect of carbon corrosion in the CL. Table 1
summarizes the physicochemical properties obtained using
the equipment described in Section 2.3. The thicknesses
were measured using the aforementioned equipment. The
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pore size distribution (PSD) of each GDL was analyzed twice
at different locations using the MIP (Figure 3(e)). The
differences in surface fluorine content, as determined by
EDS analysis, between the two MPLs are less pronounced
than the difference in substrates. Additionally, in the MPL
surface SEM images of Figures 3(a) and 3(b), a slight differ-
ence appears to exist between the MPLs of GDL A and GDL
B. Figure 3(e) further demonstrates the minimal difference
between the two MPLs. Meanwhile, the GDL B substrate
exhibits a relatively higher concentration of fluorine compared
to that of GDL A. The SEM image shown in Figure 3(d) con-
firms the presence of a significant amount of PTFE between
the carbon fibers compared to Figure 3(c). However, EDS
analysis focuses on the PTFE content present on the surfaces.
Consequently, we conducted an additional analysis for the
PTFE content using the TGA method, focusing exclusively
on the substrate part. Therefore, samples for TGA were pre-
pared by carefully scraping only the substrate. The samples
were heated from 23 to 900°C at a rate of 10°Cmin-1 under
nitrogen conditions. The initial weight of GDL A was 3.2mg,
while that of GDL B was 3.65mg. The results are presented
in Figure S3. At approximately 550°C, the PTFE contents
were 4.73wt% for GDL A and 11.93wt% for GDL B. Many

studies have indicated that the porosity tends to decrease
with an increase in the PTFE contents [27–29]. However, the
porosity is affected not only by the PTFE content but also by
the carbon fiber structure. We found that even though GDL
B contains a higher PTFE content than GDL A, the former
exhibits larger pores than the latter. Figure 3(d) and the
cross-section of GDL in Figure S2 reveal that GDL B contains
coarser fibers than GDL A. This observation is consistent
with the PSD results presented in Figure 3(e). Because of
these properties, GDL B has an increased electrical resistance
and a higher gas permeability. The higher gas permeability
suggests that the influence of the fiber structure on the
porosity is more significant than that of the PTFE content. In
the case of the MPL, both GDL A and GDL B exhibit similar
SEM images and PSD analyses.

The water thickness along the X-ray beam path at an
arbitrary position can be calculated using the Beer–Lambert
law [30]:

I = I0 exp −μx , 3

where μ is the linear absorption coefficient of water. x is the
water thickness. I0 and I are the incident and transmitted

Activation

H2 (0.4 SLPM) /Air (2 SLPM) /BP: Patm

I-V, EIS

H2 (0.4 SLPM) /air (2 SLPM) /BP: Patm

CV

H2 (0.2 SLPM) /N2 (1 SLPM) /BP: Patm

Electrochemical analysis

BOL

EOL

Potential range: 1.0 V and 1.5 V (scan rate: 500 mV s−1)
Number: 3000 cycles
Cycle time: 2 s
Cell temperature: 80 °C
Cell area: 25 cm2

Relative humidity: 100 %
Back pressure: Patm

H2 (0.261 SLPM) /air (0.830 SLPM)
Constant current : 1.0 A cm−2 (5 min)

H2: 0.2 SLPM/N2: 0.8 SLPM

Repeat (1) and (2) for 3 cycles

1.0 V

1.5 V

(1)

(2)

(3)

Triangle sweep (1.0 V ⃡1.5 V) 1000 cycles

Catalyst support
AST cycles

Figure 1: Experimental procedures, including an accelerated carbon corrosion mode modified from the DOE-AST protocol for catalyst
support. The modified condition is highlighted in blue.

4 International Journal of Energy Research



intensities of the X-ray beam, respectively. These values are
obtained both before and after water injection. Figures 4(a)
and 4(b) show temporal variations in the amount of water,
converted from the water thickness, passing through the
plane direction for GDLs A and B, respectively. The water

content of the GDLs increases with time. No sudden
increase in water is observed at any location in either GDL
in the initial state. Water rapidly increases near the channel
because of water stagnation over time. This region, which
contains a large amount of water, is thicker in GDL B than

Water injection Air injection

(a)

Air injection

GDE

Substrate

MPL

Water injection

Syringe pump

(b)

Rib RibAir
Channel

Air
Channel

Air
Channel

Water
channel

GDL

GDE

Water
channel

Water
channel

(c)

Figure 2: (a) Visualization cell and (b) schematic illustration inside the cell for the synchrotron X-ray imaging of the liquid water behavior
through a GDL (c) X-ray image inside the cell.

Table 1: Physicochemical and electrical characterization of GDLs.

Property Unit GDL A GDL B

Thickness∗ Μm 192 ± 2 49 158 ± 0 82
Through-plane electrical resistance∗ mΩ cm2 7 57 ± 0 05 8 60 ± 0 19
In-plane electrical resistance∗ (MDa/TDb) Ω 0 73 ± 0 02/0 55 ± 0 03 1 04 ± 0 01/0 73 ± 0 01
Through-plane gas permeability∗∗ 10-12m2 0 69 ± 0 03 0 75 ± 0 05
In-plane gas permeability∗ 10-12m2 5 33 ± 0 18 6 69 ± 0 26
Contact angle (substrate/MPL) ° 137 50 ± 1 85/148 17 ± 3 73 140 97 ± 3 96/150 16 ± 4 39
Fluorine at MPL surface∗∗ wt% 14 68 ± 0 34 17 62 ± 0 26
Fluorine at substrate surface∗∗ wt% 7 10 ± 0 30 16 97 ± 1 71
∗Compressed at 10 kgf cm-2. ∗∗Uncompressed. aMachine direction. bTransverse direction.
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it is in GDL A. The time-varying amounts of liquid water in
the entire GDLs are compared in Figure 4(c). The amounts
of water in both GDLs are comparable until 460 s when the
amount of water rapidly increases. A breakthrough, that is
the initial water penetration into the channel from the
GDL, occurs at this time. After the breakthrough, the
amount of water inside each GDL becomes significantly dif-
ferent. Compared to GDL A, a larger amount of water is
observed in GDL B, which is thinner and has more PTFE.
More water in GDL B indicates a lower permeability of
liquid water.

3.2. Electrochemical Performance. Figure 5 shows various
electrochemical performance evaluation results, both before
and after the AST. As seen in Figure 5(a), the initial perfor-
mance (before AST) of single cells with both GDLs shows no
significant difference in the low and middle current density
regions. However, cells with GDL A exhibit better cell per-
formance than that of the cells with GDL B in the high
current density region. The performance of GDL B was con-
sistently lower in all the polarization curves measured every
1000 cycles (Figure S4). The performance difference in the
high current density region increased on increasing the
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Figure 3: (a–d) SEM images of fresh GDLs (×200 view; top: MPL surface, bottom: substrate surface, left: GDL A, right: GDL B) and (e) pore
size distributions of GDLs.
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number of cycles. This disparity in performance at high
current density region can be attributed to the difference in
the water management ability of GDLs, which greatly affects
the mass transport loss. Furthermore, when the same current
density (1.0A cm-2) was used, the performance of A and B
decreased by 26.6% and 42.4%, respectively. Figure 5(b)
shows the EIS data for single cells. The EIS is used to analyze
the electrochemical behavior of a fuel cell by measuring its
impedance response over a range of frequencies. The
difference in the HFR values based on the influence of water
management can also be seen in the EIS results shown in
Figure 5(b). As shown in Figure 4, GDL B exhibits a lower
water permeability, making it more susceptible to flooding.
The Nyquist plot in Figure 5(b) confirms that the ohmic,
charge transfer, and mass transfer resistances increase after
the degradation test. The fact that GDL B exhibits high
impedance but low HFR supports the possibility of flooding.
In addition, compared to GDL A, larger changes in the
abovementioned resistances are observed with GDL B. This

phenomenon can be attributed to the poorer water
management with GDL B, which causes a voltage drop
because of flooding in the entire electrode layer. These
results indicate that the water management capability of the
GDL can accelerate the degradation of the carbon support in
the CL and significantly affect the performance decline
owing to degradation. Detailed information regarding water
transport in the GDL is presented in Section 3.4. Figures 5(c)
and 5(d) show the CV data before and after the durability
test of the cells containing GDLs A and B, respectively, as
well as the change in the ECSA measured every 1000 cycles.
As shown in Figure 5(c), the initial ECSA values of both cells
are similar because the same catalyst-loaded MEA is used.
After the AST, a significant decrease in the ECSA can be
observed in both single cells, which is attributed to the
degradation of the support material within the CL. In
addition, a significant decrease in the ECSA is observed in
the GDL B cell, where the degradation of the support
material occurs more prominently than it does in the GDL

0
0 200 400 600 800

Time (s)
1000 1200 1400

20D
ist

an
ce

 fr
om

 ch
an

ne
l (
𝜇

m
)

40

60

80

100

120

Channel Channel

GDL

Channel

Avg.

D
ist

an
ce

Rib Rib

(a)

0
0 200 400 600 800

Time (s)
1000 1200 1400

20D
ist

an
ce

 fr
om

 ch
an

ne
l (
𝜇

m
)

40

60

80

100

120

0
Averaged water amount (a.u.)
0.05 0.1 0.15 0.2 0.25 0.3

(b)

0 200 400 600 800 1000
0.00

0.05

0.10

0.15

0.20

0.25

0.30

A
ve

ra
ge

d 
w

at
er

 am
ou

nt
 (a

.u
.)

Time (s)

GDL A
GDL B

(c)

Figure 4: Time-variant amount of liquid water transferred along the through-plane of (a) GDL A, (b) GDL B, and (c) average amount
through the plane of each GDL.
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Figure 5: Electrochemical performance of MEA with both GDL A and GDL B before and after 3000 cycles of AST. (a) Polarization curve,
(b) galvanostatic EIS at 1.0 A cm-2, (c) CVs, (d) ECSA change of MEA, and comparison of the degradation effect between the modified
protocol and DOE AST protocol using CV: (e) MEA with GDL A and (f) MEA with GDL B.
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A cell (Figure 5(d)). Figures 5(e) and 5(f) compare the CV
data of the original DOE protocol with our newly developed
AST protocol. The new protocol demonstrates significant
changes in the ECSA, even with fewer cycles than that
observed in the original DOE protocol. A possible reason for
this result is the promotion of water generation within the
CL through constant current operation every 1000 cycles.
This result suggests that water within the CL has a
significant impact on the durability of the support material.

3.3. Change in Material Structure. Figures 6(a)–6(c) show
the top and cross-sectional SEM images of the MEA struc-
ture. Specifically, Figure 6(a) depicts the structure before
AST, while Figures 6(b) and 6(c) illustrate the structure after
AST. The cathode surface images shown in the first and sec-
ond rows in Figures 6(b) and 6(c) demonstrate that the EOL
MEA with GDL B exhibits more changes in its surface struc-
ture than that with GDL A. This is because GDL B exhibits
higher water retention than GDL A, leading to accelerated
carbon corrosion in the MEA with the former. The third
row shows cross-sectional images of the MEA. The thickness
measurements before and after the AST are obtained by
using the ImageJ software [31] and by averaging the mea-

surements taken at 10 different locations in the SEM images.
The thickness of the MEA with GDL B shows a greater
extent of reduction than that observed for the MEA with
GDL A. This result is consistent with the observation of a
greater reduction in the ECSA, as shown in Figure 5.

Figures 7(a)–7(c) show the FE-TEM images of the Pt/C
catalysts in the cathode before and after the AST. In the
BOL MEA, approximately 2.88 nm Pt nanoparticles are uni-
formly distributed on the carbon support. Furthermore, in
the EOL MEA with GDLs A and B, the particle sizes of Pt
nanoparticles in the CL increase to 4.70 and 4.83 nm, respec-
tively. As shown in Figure 7(g), the particle size is larger and
the particle distribution is wider in the MEA with GDL B.
This phenomenon is attributed to the carbon corrosion of the
support under high voltage conditions during the AST, leading
to particle aggregation and Oswald ripening [32]. Additionally,
the temperature-colored TEM images in Figures 7(d)–7(f)
show that the carbon support changes from orange in the
BOL MEA to yellow in the EOL MEA, indicating that the
thickness of the carbon support decreases, the pore structure
collapses, and the support becomes amorphous after the AST.
Moreover, the degradation of the carbon support is more pro-
nounced in the MEA with GDL B than it is in the MEA with
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Figure 6: SEM images of the (a) BOL MEA and EOL MEA (b) with GDL A and (c) with GDL B (1st row: cathode surface ×1 k view, 2nd
row: cathode surface ×20 k view, 3rd row: cross-section ×2 k view).
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GDL A. These FE-TEM analysis results suggest that water
management on the GDL under AST conditions has a signifi-
cant impact on the degradation of the carbon support, which
ultimately affects the particle size and distribution of the Pt/C
catalyst. These findings suggest a correlation between the char-
acteristics of the GDL and degradation of the carbon support,
as well as that between the particle size and distribution of
the Pt/C catalyst.

3.4. Driving Force of Water Transport within the GDL. Typ-
ically, the addition of PTFE in the GDL facilitates efficient
water removal. However, increasing the PTFE content alone
does not enhance the water discharge capability. As men-
tioned in Sections 2.4 and 3.1, although GDL B has a higher
PTFE content than GDL A, it possesses a coarse carbon fiber
structure, resulting in a poor water discharge capability. This
difference contributes to decreased mass transport losses,
ultimately affecting fuel cell performance and degradation.

The driving force of the liquid water transport is the capil-
lary pressure gradient. The capillary pressure is expressed
as follows [19, 33–35]:

Pc = σ cos θ C
1 − ε

εdp
J s , 4

where Pc is the capillary pressure, σ is the surface tension of
water, θ is the contact angle, ε is the porosity, dp is the pore
diameter, C is the constant, J s is the Leverett J-function,
and s is the liquid water saturation level.

J s = 1 417s − 2 120s2 + 1 263s3 5

Physical properties listed in Table 1 were used to solve
Equation (4). Both dp and ε were obtained from the pore size
distribution shown in Figure 3(e). The ε value was determined
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Figure 7: FE-TEM images of Pt/C in the cathode side before and after 3000 cycles of AST. (a, d) BOL MEA, (b, e) EOL MEA with GDL A,
(c, f) EOL MEA with GDL B, and (g) particle size histogram of Pt/C in BOL MEA and EOL MEA with GDLs.
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by comparing the relative values of GDL A and GDL B with
respect to the substrate and the MPL. Without accounting
for the influence of saturation, and comparing solely based
on geometric properties, in the case of GDL A, the normalized
values of thickness, 1/dp, 1 − ε /ε, and cos θ of substrate
are 1, 1, 1, and 1 and MPL are 0.57, 358.11, 4.71, and 1.15,
respectively; in the case of GDL B, the corresponding values
of the substrate are 0.93, 0.9, 0.71, and 1.05 and MPL are
0.51, 347.74, 3.72, and 1.18, respectively. Figure 8 shows the
capillary pressure gradient modeling [35, 36]. In this model,
the control volume extends from just below the channel to just
above the CL. Therefore, the capillary pressure at the channel
and substrate interface is also the capillary pressure in the sub-
strate. Similarly, the capillary pressure at the CL and MPL
interface is determined by the capillary pressure in the MPL.
The calculated results show that the capillary pressure gradient
of GDL A is higher than that of GDL B for both the substrate
and the MPL. Hence, water discharge is effective in GDL A. In
contrast, water tends to accumulate significantly in GDL B.

4. Conclusions

This study assessed the influence of two commercial GDLs
on carbon corrosion in the CL, specifically in relation to
water management. The main conclusions can be summa-
rized as follows:

(1) GDL B is thinner and has an overall higher PTFE
content than GDL A. However, GDL B has a larger
porosity than GDL A because of its coarser substrate
structure than the latter. This property is also
responsible for a higher gas permeability in GDL B
than in GDL A

(2) We observed water behavior using visualization cells
and X-ray imaging. The results obtained using the
visualization cell indicated that GDL B has a lower

water expulsion capability than GDL A. The differ-
ences in the water management capability of the
two GDLs could be attributed to factors such as pore
diameter, porosity, thickness, and contact angle. The
combination of properties creates a lower capillary
pressure gradient in both the substrate and the
MPL, leading to increased water accumulation in
GDL B

(3) Both before and after the AST, GDL B exhibited a
poorer performance than that shown by GDL A in
the same MEA. This is because the retained water
could lead to a carbon corrosion reaction in the
CL. The increased internal water content hinders
the transport of oxygen, eventually leading to mass
transport losses. This was also confirmed through a
Nyquist plot

(4) The modified DOE-AST method, including constant
current operation for water generation reactions,
reduces the number of cycles of AST compared to
that observed for the original DOE cycle. Hence, it
can be concluded that the presence of liquid water
accelerates the carbon corrosion and Pt agglomera-
tion in the CL
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