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Abstract
The gas diffusion layer (GDL), one of the essential components of themembrane
electrode assembly (MEA), plays an important role in the performance of pro-
ton exchange membrane fuel cells. With respect to this essential component and
its specifications, this work intends to examine the impact of GDL defects and
their effects on cell performance for component quality control. To understand
how GDL defect affects its performance and to what level the defect takes effect,
ex situ characterization and in situ fuel cell testing are conducted by comparing
pristine and defective GDLs. While ex situ GDL properties incorporate measure-
ments of thickness, conductivity, and permeability under compression, in situ
investigationmainly involves polarization curve and electrochemical impedance
spectroscopy. Among different types of GDL defects, pinholes are targeted in this
work. As such, the evaluation focuses on assessing the effects of varying numbers
and sizes of pinhole defects under different relative humidities (RHs). Using the
state-of-the-art GDLs, an improved cell performance is observed with defective
GDLs (evenly distributed 40 pinholes with a diameter of 0.58 mm) under 100%
RH. Results also show that the effect of pinhole defects is sensitive to RH, as well
as operating current densities.
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1 INTRODUCTION

As the proton exchange membrane (PEM) fuel cell tech-
nology is currently being commercialized, research activ-
ities have been shifted from component development
toward manufacturing concerns, including component
quality control (QC) [1, 2]. Detailed functions, structures,
and properties of key fuel cell components have been

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2024 National Research Council Canada. Fuel Cells published byWiley-VCHGmbH. Reproduced with the permission of theMinister of Innovation, Science, and Economic
Development.

described previously. In particular, the book of attributes
established can serve as a valuable resource for facilitating
component characterization and the development of QC
tools [3].
The gas diffusion layer (GDL), a key component of PEM

fuel cells, has a number of functions in a PEM fuel cell,
including mechanical support, gas/water transport, heat
transfer, and electrical conduction [3, 4]. It not only plays
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an important role in cell performance, but also affects
cell durability. Currently, the main challenge regarding
the GDL development is to reduce material cost, process-
ing cost, and manufacturing cost without compromising
its performance. For example, Ballard Power Systems had
explored to reduce the manufacturing cost of GDLs with a
target of>50% reduction by employing continuous mixing
and coating techniques. In particular, they implemented
various on-line tools for the process control of crucial
parameters [5].
As part of cost reduction, QC of GDLs is another impor-

tant aspect for the mass production during the fabrication
of GDLs. Additionally, during the manufacturing of the
membrane electrode assembly (MEA), the properties of
GDLs may change or defects may form, and thus affect-
ing the performance of the MEA. Here, defects are defined
as variations in physical and chemical properties, which
might negatively influence cell performance and/or dura-
bility. This definition applies to allmainMEAcomponents.
Understanding the MEA component defects, including
GDLs, is indispensable, in particular to the development
of on-line QC strategies.
The defects arising during the fabrication of the

GDL or assembly of the MEA can manifest as pin-
holes, cracks/scratches, thickness variations, unevenness
of conductivity, permeability, and diffusivity, and non-
homogeneity of surface roughness [6]. GDL defects may
not only affect the cell performance via changes of GDL
properties related to gas/water transport (e.g., permeabil-
ity) and electrical conduction (e.g., bulk resistance and
contact resistance), but also plays a role in cell durabil-
ity [7]. Defects in GDL can be described regarding width,
length, or area. So far, there is a lack of tools to diagnose the
defects [8] and most of the existing methods are destruc-
tive and expensive [9]. In this context, great efforts have
been made at the National Renewable Energy Laboratory
in on-line defect detection, for example, an IR camera has
been implemented to identify surface cuts [10], and com-
bined infrared thermography with a reactive-flow-through
technique to diagnose defects of catalyst layers (CL) [8].
To date, very few studies correlating GDL defects to

overall cell performance have been reported. This has
limited the understanding of defects at the beginning-
of-life and how they may propagate during PEM fuel
cell operation. Using a segmented cell, Reshetenko et al.
[11] investigated the GDL defects on cell performance.
They observed a decreased performance in the local defec-
tive area, resulting from the low compression. Using the
segmented cell, Reshetenko et al. [12] also explored the
effect of GDL defects on cell performance using highly
permeable samples. Results showed that the local perfor-
mance is increased with highly permeable GDLs. Further,
Reshetenko et al. [13, 14] studied the effect of polytetrafluo-

roethylene (PTFE) defects usingGDLs containing different
amounts of PTFE. Performance decreasewas also observed
due to increasedmass transfer caused by the changes in the
structure and property of GDLs.
Given the limited research on the topic of real GDL

defects and their correlation to cell performance, there
is a lack of knowledge of GDL defects and how GDL
defect affects its properties and thus to what extent these
defects affect cell performance. Understanding of com-
ponent defects is undoubtedly important for component
suppliers of the fuel cell industry to provide quality GDLs,
to examine that to what extent defects are allowed, and to
develop online QC tools. As such, this research is focused
on one of the GDL defects, pinholes, using commercial
GDLs in an attempt to understand how pinhole defect
affects its performance and to what level the defect takes
effect.

2 EXPERIMENTAL

2.1 State-of-the-art GDL

In this work, the effect of pinhole defects was studied using
the state-of-the-art carbon fiber paper, Sigracet 22 BB. Basic
specifications of 22 BB are listed in Table 1 [15]. Pinholes
were obtained using needles with different diameters and
the pinholes went through all the GDL thicknesses.

2.2 Ex situ characterization

The main ex situ characterization was conducted using an
in-house designed four-in-one device [4]. This four-in-one
device is designed to measure thickness under compres-
sion (TUC), through-plane resistivity under compression
(RUC), in-plane permeability (IPP) under compression,
and through-plane permeability (TPP) for the GDL QC.
For the TUC measurement, the resolution is <0.1 µm by
using the high accuracy sensors. Themeasurement of RUC
is achieved using the four-point approach at a constant cur-
rent (0.5 A in all cases). Regarding the measurement of
IPP, a differential pressure (10 kPa) is applied across the
torus sample and IPP is determined based on Darcy’s Law
by measuring the air flow and GDL thickness. Detailed
descriptions on this in-house designed device can be found
in Yuan et al. [4]. By adding a two-piece adaptor, this
equipment can extend to switch from the in-planemode to
through-plane mode, transforming a three-in-one device
into a four-in-one apparatus.
TUC/RUC/IPP under compression were measured

using a torus sample (inside diameter (ID) = 12 mm;
Outside diameter (OD) = 40 mm), whereas TPP was mea-
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92 YUAN et al.

TABLE 1 22 BB specifications.

Property 22 BB Units
Thickness 215 ± 20 µm
Areal weight 70 ± 15 gm−2

Electrical resistivity <10 mΩ cm2

Thermal conductivity 0.30 W m−1 K−1

Bending stiffness (machine direction [MD]/transverse direction [TD]) 1.5/0.9 N mm
Compressibility 20 % (@1 MPa)
Water contact angle (MPL) >130 ◦

Tensile strength (MD/TD) 6.9/4.6 MPa
PTFE 5 wt.%
MPL Yes, on one side –

Abbreviations: MPL, micro-porous layer; PTFE, polytetrafluoroethylene.

sured using a disk sample with a diameter of 24 mm. In
terms of TPP measurement, the compression load is con-
trolled under 2 MPa with a differential pressure of 250 Pa.
Note that all the measurements were conducted using at
least three parallel samples of each GDL with or without
pinhole defects.
The microscopy images were taken using the VHX-

7000 Keyence Digital microscope, which consists of the
controller (VHX-7000), fully-integrated camera (VHX-
7100) with high-resolution microscopic lenses and high-
performance camera (VHX-7020).

2.3 In situ test

In situ performance test was carried out using a Scribner
cell fixture with an active area of 25 cm2 on a Scribner
Compact Fuel Cell Test Station with a built-in impedance
capability. Ion power catalyst coated membrane (CCM)
with the HP membrane was selected to investigate the
effect of GDL defects. The CCM features an overall dimen-
sion of 8 × 8 cm with a catalyst loading of 0.3 mg Pt cm−2

for both the cathode and anode. The anode GDL remains
unchanged during the experiment while the cathode GDL
with or without defects is swapped upon needs. Extra care
is taken to swap the cathode GDL in the processes of dis-
sembling and re-assembling the cell. Experiments have
shown that removing the GDL does not damage the CCM
for a short-term test through ocular observation, as well as
repeated performance in duplicate tests.
For a fresh CCM, conditioning was conducted before

any performance test under a constant current density of
1 A cm−2 while maintaining a voltage above 0.5 V for at
least 18 h until no further performance improvement. In
terms of performance test, the cell was run under 80◦C
and 100% relative humidity (RH) with a back pressure of
80 kPa (gauge) for both sides unless otherwise stated. The

flow rate was controlled constantly at 2 and 5 slpm, respec-
tively, for H2 at the anode and air at the cathode to ensure
sufficient gas supplies.
The electrochemical impedance spectroscopy (EIS)

measurement was carried out in a galvanostatic mode
using the built-in impedance analyzer of the test station.
The impedance spectra were swept over a frequency range
of 10 kHz–0.1 Hz. The amplitude of the alternative current
(AC) perturbation was maintained at 10% of the direct cur-
rent (DC), including from low current to high current of
1.25, 2.5, 5, 15, 25, and 30 A (corresponding to 0.05, 0.1, 0.2,
0.6, 0.8, and 1.2 A cm−2, respectively) in this work.

3 RESULTS AND DISCUSSION

3.1 Ex situ characterization

The effect of pinhole defects on TUC/RUC/IPP was con-
ducted on torus samples. For the effect of pinhole number,
4, 8, and 12 pinholes with a diameter of 0.58 mm were
created, evenly distributed in the middle of the annular
samples, while in case of the effect of pinhole size (rang-
ing from 0.58–1.25 mm in diameter as listed in Table 2),
eight pinholeswere generated and evenly distributed in the
middle of the annular samples. The results indicate that
differenceswere not observable in terms of thickness, resis-
tivity, and IPPunder compression between the pristine and
defective GDLs with pinholes within the studied pinhole
size and number range.
Therefore, ex situ characterization was then focused on

the effect of pinholes on TPP. In terms of effect of pin-
hole size, five different sizes were explored, from 0.58 mm
to 1.25 mm in diameter, as listed in Table 2, with pinhole
percentages ranging from 0.2% to 1.1%. As for the effect of
the number of pinholes, five different numbers are stud-
ied from one to eight pinholes, also listed in Table 2, with
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YUAN et al. 93

TABLE 2 Ex situ experimental design for the effect of pinhole defects on through-plane permeability (TPP).

Pin hole defects

Defective GDL samples
GDL1 GDL2 GDL3 GDL4 GDL5

Pinhole size Diameter (mm) 0.58 0.68 0.85 1.01 1.25
Area (mm2) 0.26 0.36 0.57 0.80 1.23
Percentage of pinholes (%) 0.2 0.3 0.5 0.7 1.1

Number of pinholesa No. of pinholes 1 2 4 6 8
Area (mm2) 0.26 0.53 1.07 1.59 2.11
Percentage (%) 0.2 0.5 0.9 1.4 1.9

Abbreviation: GDL, gas diffusion layer.
aEach pinhole had a diameter of 0.58 mm.

F IGURE 1 Effect of pinhole defects on through-plane
permeability (TPP) under a compression load of 2 MPa and
differential pressure of 250 Pa (diamond in blue: TPP as a function
of pinhole diameter; triangle in orange: TPP as a function of pinhole
number with the pinhole size of 0.58 mm in diameter; and dashed
lines are the fitting results). Note: 1 Darcy = 0.986923 × 10−12 m2.

pinhole percentages ranging from 0.2% to 1.9%. Results are
shown in Figure 1.
As expected, TPP increases with increasing the diam-

eter of pinholes and the increased pattern of TPP is an
almost exponential correlation with the pinhole area. Also
as expected, TPP increases with increasing the number of
pinholes, and a linear relationship is observed between
TPP and the area of pinholes. Note that the errors in
Figure 1b are lower than those in Figure 1a as the mea-
surements are able to be conducted using the same piece
of sample by increasing the number of pinholes for study-
ing the effect of pinhole number, while different samples
had to be used for different diameters of pinholes when
investigating the effect of pinhole diameter. Repeatability
of TPP measurements for different samples and the same
sample shows that differences exist between samples (even
cut from the same piece ofmaterial) and errors could be up
to 10%, whereas errors are within 3% for the same sample.

F IGURE 2 Microscopic images at different magnifications for
the micro-porous layer (MPL) side of baseline 22 BB: (a) and (b)
before performance test; (c) and (d) after performance test.

3.2 In situ test

Before comparing the performance of cells with different
defective GDLs, each of the cell test, including polariza-
tion curve and EIS, was run at least three times. Unless
otherwise stated, all the cells were operated under 80◦C
and 100% RH. Results show that the repeatability of mea-
surements is excellent with the curves overlapping each
other among the three runs of each cell, demonstrating
that CCM (IonPower), cell assembly and test station are
reliable for the investigation.
Figure 2 shows the microscopic images at two different

magnifications for the micro-porous layer (MPL) side of
baseline 22 BBwithout pinholes. Clearly, no significant dif-
ferences in surface characteristics can be observed for the
MPL side of fresh and tested GDLs. As a matter of fact,
the tested MPL looks cleaner than the pristine MPL, due
to the cleaning process (40 cyclic voltammetry cycles at a
scan rate of 50 mV s−1 between 0.05 and 1.2 V under the
H2/N2 operation mode) operated before MEA condition-
ing, with less impurity residue. The clean MPL surface in
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94 YUAN et al.

F IGURE 3 (a) Comparison of cell performance, and (b) comparison of IR-corrected cell performance using gas diffusion layers (GDLs)
without (baseline) and with 40 pinholes in different diameters (dashed vertical lines mark where electrochemical impedance spectroscopy
(EIS) is measured. Cells were operated under 80◦C and 100% relative humidity (RH) with a back pressure of 80 kPa for both sides. The flow
rate was controlled constantly at 2 and 5 slpm, respectively, for H2 at the anode and air at the cathode).

Figure 2 after test also demonstrates that “peeling off” the
cathode GDL from the tested MEA does not cause notice-
able damage on the CL of the cathode side as no detached
catalysts were observed on MPL, indicating that changing
the cathode GDL only is possible and acceptable for the
investigation ofGDLdefect using the testedCCM.Thiswas
also confirmed by the unchanged cell performance after
switching to a parallel baseline GDL.

3.2.1 Effect of pinhole size on cell
performance

Figure 3a presents the cell performance using GDLs with
a total of 40 pinholes (this number was chosen to align
with the percentage of hole areas in ex situ test) in different
diameters (0.58, 0.85, and 1.25 mm). Figure 3b shows the
ohmic drop-corrected (IR-corrected) performance curves
using the ohmic resistance measured by current interrup-
tion. For comparison, baseline (pristine GDL without pin-
hole defects) performance is also included in Figure 3a,b.
As the curves are close to each other, performance data
extracted from Figure 3 at typical current densities are also
listed in Table S1 for comparison.
The vertical lines on the polarization curves in Figure 3

are the current points from low to high (1.25, 2.5, 5, 15,
25, and 30 A, corresponding to 0.05, 0.1, 0.2, 0.6, 0.8, and
1.2 A cm−2, respectively) where EIS is scanned. Results
of EIS measurements at different currents/current den-
sities are presented in Figure 4. The Nyquist plot of the
cell consists of one depressed semi-circle for low cur-
rents (1.25, 2.5, and 5 A), gradually transitioned to two
depressed semi-circles for high currents (25 and 30 A).
The low current Nyquist plot can be precisely simulated
by an equivalent circuit model (ECM) of Randles cell,
shown in the inset of Figure 4a, describing ohmic resis-
tance (Rel) and the impedance due to the charge transfer

process (Rct). A Warburg element (Zw) had to be added
to the Randles cell to represent the mass transfer process
for the high current curves [16, 17], shown in the insets of
Figure 4b–d. Constant phase elements are used instead of
capacitors due to the porosity and tortuosity characteristics
of the electrodes. The tiny component at high frequencies
(CHF and RHF) for the low current curves is, most likely,
related to the electric wiring used for cell connection,
which disappears in Figure 4b–d when EIS is measured
at increased currents or current densities. This high fre-
quency behavior can be neglected in the discussion since
it is not related to the electrode electrochemical processes
themselves.
As presented in Figure 3, it is interesting to find that

the cell performance improves when GDLs have 40 pin-
holes with a diameter of 0.58 mm, which is equivalent
to eight holes for the anulus sample for ex situ measure-
ments in terms of the percentage of hole areas. This can be
explained by the improved charge transfer (Figure 4a) and
improved charge transfer and mass transfer (Figure 4b–d)
in comparison to the baseline. Improvedmass transfer can
obviously be ascribed to the increased gas supplies to the
CL and fast removal of water due to the macro-through
pores in GDLs. Consequently, the increased supplies of
reactants and fast removal of water at the interface fur-
ther facilitate the charge transfer. Note that mass transfer
phenomena are not observable for EIS at low current
densities. However, with increasing the pinhole size, the
performance decreases due to the increased charge trans-
fer resistances at low currents (Figure 4a) and increased
mass transfer resistances (Figure 4b–d) at high currents.
For the defective GDL (40 × 0.85 mm) cell, the per-
formance is still higher than the baseline. This can be
attributed to the slightly smaller charge transfer arc at low
currents (Figure 4a), and both decreased charge transfer
andmass transfer resistances at high currents (Figure 4c,d)
compared to the baseline.
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YUAN et al. 95

F IGURE 4 Comparison of Nyquist plots measured at different currents (a) 1.25, 2.5, 5 A; (b) 15 A; (c) 25 A; and (d) 30 A using gas
diffusion layer (GDL) with pinhole defect in different diameters.

In general, the results obtained from EIS are consistent
with the polarization curves under the operation condition
of 80◦C and 100% RH, as demonstrated in both Figures 3
and 4. Under the condition of the cell with full hydration,
the “defective” pinholes obviously improve mass transfer
at high currents within the investigated pinhole size range.
Also, the performance trend does not appear to change
before and after IR-correction, indicating that pinhole
defects in GDLs do not have obvious impact on ohmic
resistance.

3.2.2 Effect of the number of pinholes on
cell performance

Figure 5 compares the cell performance with and without
GDL pinhole defects. Defective GDLs include different
numbers of pinholes (10, 40, and 80) with the same
diameter of 0.58 mm, corresponding to 0.4, 1.6, and 3.2
holes cm−2. Similarly, the vertical lines on the polarization
curves in Figure 5 are the current points where EIS is

measured. Results of EIS are presented in Figure S1.
Again interestingly, we also find that the cell performance
improves over the entire current range when GDLs have
40 pinholes with a diameter of 0.58 mm compared with
baseline, as seen in Figure 5. This can also be attributed
to improved charge transfer at low currents (Figure S1a)
and improved charge transfer and mass transfer at high
currents (Figure S1b–d) under the operation condition
of 80◦C and 100% RH. With increasing or decreasing the
number of pinholes, the performance of the defective
GDLs (10 × 0.85 mm and 80 × 0.85 mm) decreases in
comparison to that for the defective GDL (40 × 0.85 mm),
however, it is still higher in the high current density range
(>0.8 A cm−2) compared to the baseline curve, indicating
that there is an optimal number (40) of pinholes to better
perform with the same diameter of pinholes (0.58 mm).
Unexceptionally, the decrease in mass transfer resistance
at high currents is obvious in all studied cases with
defective GDLs under 100% RH, possibly due to the fast
removal of water produced at high operating currents in
the presence of pinholes.
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96 YUAN et al.

F IGURE 5 (a) Comparison of cell performance, and (b) comparison of IR-corrected cell performance using gas diffusion layers (GDLs)
with/without different numbers of pinholes in a diameter of 0.58 mm (vertical lines mark where electrochemical impedance spectroscopy
(EIS) is scanned. Cells were operated under 80◦C and 100% relative humidity (RH) with a back pressure of 80 kPa for both sides. The flow rate
was controlled constantly at 2 and 5 slpm, respectively, for H2 at the anode and air at the cathode).

In general, it is found that the cell performance for GDLs
with defective pinholes (0.58mm in diameter ranging from
10 to 80 pinholes in this study) is slightly higher than
the baseline under 100% RH, especially at high current
densities. As the performance difference is small between
the curves, voltage data extracted from Figure 5 at typical
current densities are also listed in Table S2 for compar-
ison. Under 100% RH, improvement of mass transfer at
high current densities is significant. However, there is an
optimized number of pinholes (1.6 holes cm−2 among the
studied scenarios of pinholes in a diameter of 0.58 mm),
indicated by the charge transfer resistance at low current
densities.

3.2.3 Effect of RH on cell performance

One of the key challenges in the improvement of cell per-
formance is water management within the cell, especially
when the cell is performed at high current densities where
significant amount of water is produced, resulting in the
increase in the oxygen diffusion resistance. Simulations of
dynamic two-phase flow have highlighted the significance
of pore morphology [18]. In addition to the pore mor-
phology control, hydrophobic coatings, for example, PTFE,
have also been used to promote water management within
the GDL. Herescu [19, 20] has proved that the defects
of coating and the inhomogeneity of coating have direct
impacts onwatermanagement. On top of the effect of GDL
pinhole defect on cell performance, it is of interest to know
how GDL pinholes affect water management. As such, the
effect of GDL pinholes on cell performance under differ-
ent RH conditionswas investigated in this work. It is worth
mentioning that the experiments were run from high RH
to low RH using the same MEA in a sequence of base-
line GDL, GDL with pinholes, and baseline GDL again.
The investigation of GDL with pinholes was conducted on

F IGURE 6 Comparison of baseline cell performance
(beginning of test (BOT) baseline) with cell performance using a
defective gas diffusion layer (GDL) (40 × 0.58 mm pinholes) under
different relative humidities (RHs).

the best performance sample, which is 40 pinholes in a
diameter of 0.58 mm.
Figure 6 compares the performance under different RHs

for cells with a pristine GDL and GDLs with pinholes.
Here, the performance of baselines is under the state of
beginning of test (BOT). As seen in Figure 6, for both
the baseline sample and sample with pinholes, the perfor-
mance decreases with decreasing the operating RH. This
can be explained by the increase in ohmic (Figure 7a),
charge transfer (Figure 7b), and mass transfer resistances
(Figure 7c) from low currents to high currents, where
Figure 7 presents the fitting results of ohmic, charge trans-
fer, and mass transfer resistances using the ECM shown in
Figure 4. Based on the polarization curve, the performance
decrease is more obvious when RH is lower than 80%,
which is in agreement with previous findings, where the
RH increase, usually, enhances the cell performance [21].
Obviously, the lower the RH, the poorer the performance,
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F IGURE 7 Comparison of end of test (EOT) baseline cell resistances with cell resistances using defective gas diffusion layer (GDL) (40 ×
0.58 mm pinholes) under different relative humidity (RH) conditions: (a) ohmic resistance; (b) charge transfer resistance; and (c) mass
transfer resistance (data are obtained from electrochemical impedance spectroscopy [EIS] fitting).

and fully hydrated CCM has the best performance with-
out surprise within the studied cases. Under the same RH,
the performance of the defective sample is slightly lower
than that of the pristine sample at the BOT. The effect is
more obvious when RH is lower. However, under 100%
RH, this result contradictswith our previous observation in
Section 3.3.1, where the cell performance slightly improves
when GDLs have 40 pinholes with a diameter of 0.58 mm.
The root of this contradiction may come from the test
sequence as the GDL sample with pinholes was measured
after the baselines from high RH to low RH using the same
MEA. It can be explained, possibly, by the MEA degrada-
tion caused by the change of RH operation, especially low
RH operation at high currents during the measurement
of the polarization curves. The change of RH may lead to
the membrane expansion or shrinkage, causing mechan-
ical stress and damage of the membrane [22]. In other
words, change of RH operation or reduced RH operation
(especially 30% RH) greatly accelerates the MEA degrada-
tion as negligible differences are observed when the cell

is operated under 100% RH even for longer time period.
It is concluded that MEA degradation is almost negligible
under hydrated normal operation. However, degradation
caused by low RH operated, especially extremely low RH
(30%) at high current densities, is significant and cannot
be neglected.
To really compare the effect of pinhole defect on per-

formance under different RH conditions, performances
are compared again using the “end of test (EOT)” base-
line (Figure 8) as slight degradation occurred especially
after operation under low RH. Note that this “EOT” is
not a state after long-term degradation rather than a state
after a series test under different RH operations. Similar
to what we have observed in Figure 6, with decreasing
RH in operation, performance deteriorates for both the
baseline sample and the defective sample. Deterioration
occursmore significantlywhenRH is lower. Different from
Figure 6, under the same RH, the performance of the sam-
ple with pinholes is slightly higher than that of the pristine
sample at the EOT in all the studied cases except under
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F IGURE 8 Comparison of baseline cell performance (end of
test [EOT] baseline) with cell performance using defective gas
diffusion layer (GDL) (40 × 0.58 mm pinholes) under different
relative humidities (RHs).

the condition of 30% RH and operated at very high cur-
rent densities (the circled area in Figure 8). This could be
attributed to the facilitation of water management for the
pinhole defective GDL with a certain number and size of
pinholes unless the MEA is operated under very low RH
and high current densities. Nevertheless, for a short-term
operation, the difference in performance is not significant
for GDLswith andwithout pinholes. Also, due to the slight
difference in performance, no significant difference is
observed for EIS curves with and without pinhole defects
under the same RH. Unfortunately, this work was not
able to complete tests of investigation how defected GDL
can perform after long-term operation due to the time-
consuming operation.
Studies in literature have demonstrated that structural

defects in the GDL can influence cell performance in
different aspects [6]: (i) change of water transfer within
GDL defects, (ii) change of the electrical contact between
components of MEA, and (iii) change of surface features
between the MPL and the CL. In case of the pinhole
defect, change of surface features and change of the elec-
trical contact are insignificant, and the later has been
confirmed based on the RUC test results in this work.
Therefore, pinhole defects in the GDL affecting cell per-
formance are possibly dominated by water management,
as well as charge and mass transfers in the presence of
pinholes, which may affect the transport of reactant gases
to the reaction sites, leading to the charge transfer and
mass transfer resistances change. All these changes will
depend on the RH operating condition, as well as current
densities. Therefore, RH plays a key role in the effect of
pinhole defects in GDLs and cell performance is highly
sensitive to the variations in hydration condition of the cell
in operation and operating current densities.

4 CONCLUSIONS

This work examines the customized GDL defects of pin-
holes on commercial GDLs (22 BB) by measuring proper-
ties ex situ and inspecting cell performance in situ with
pristine/defective GDLs in an attempt to understand how
GDL defect affects its performance.
We find that the effects of pinhole defects on TUC,

RUC, and IPP are negligible. As expected, TPP increases
with increasing the number and the diameter of pin-
holes. Interestingly, we also find that the cell performance
improves when GDLs have evenly distributed 40 pinholes
with a diameter of 0.58 mm (1.6 holes cm−2). This can
be attributed to an improved charge transfer and mass
transfer indicated by the EIS curves under the operation
condition of 80◦C and 100% RH. Under 100% RH, the
improvement of mass transfer is obvious in all studied
cases with defective GDLs. The performance of cells using
pinhole defective GDLs (0.58 mm in diameter) with a pin-
hole number ranging from 10 to 80 is slightly higher than
that of the baseline cell, especially in the high current
density range. However, there is an optimized number of
pinholes (40 pinholes with a diameter of 0.58 mm, which
is 1.6 holes cm−2), indicated by the small charge trans-
fer resistance at low current densities. MEA degradation
is almost negligible under fully hydrated normal opera-
tion. However, degradation caused by the change of RH,
especially when the cell is performed at low RH and high
current densities, is significant and cannot be neglected.
Cell performance decreases with decreasing the operat-
ing RH due to the increased ohmic, charge transfer, and
mass transfer resistances and the performance decrease
is more obvious when RH is lower than 80%. Under the
same RH, minute performance increases are observed for
cells with defective GDLs (evenly distributed 40 pinholes
with a diameter of 0.58 mm) compared with baselines
(EOT) due to the improved mass transfer except under the
condition of 30% RH and operated at very high current
densities where fast loss of water occurs in the presence
of pinholes.
In general, the differences in performance forGDLswith

and without pinholes are, likely, minor and not significant
although the trend is clear, if the comparison of initial per-
formance is conducted. Long-term operation is needed for
considerable gap observation. Also, RH plays a crucial role
in the effect of pinhole defects in GDLs and cell perfor-
mance is highly sensitive to the variations of the operating
RH conditions, as well as operating current densities.
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