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HIGHLIGHTS

e For PEMFCs with pinholes, a local
reverse current was found in anode
overpressure.

e Local hot spots were found with the
same trend as local reverse currents.

e A small pinhole requires more anode
overpressure to generate a local reverse
current.

e The pinhole exerts an indirect effect on
PEMFC performance.
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ABSTRACT

The proton exchange membrane (PEM) is a critical portion of a proton exchange membrane fuel cell (PEMFC).
However, it is strongly influenced by pinhole defects owing to degradation during its operation or manufacture.
Such defects may accelerate chemical polymer decomposition, eventually causing fuel cell failure and other
safety issues. Thus, it is necessary to detect and characterize pinhole degradation while determining the effect of
pinhole on electrochemical behavior and fuel cell performance. Herein, pinholes of different sizes (10 and 100
um) were fabricated on a 50-cm? catalyst-coated membrane (CCM) and characterized using commercial current
scan shunt (CSS) S++ Simulation Services (Hephas Energy) to investigate the effects of pinhole size on current
density and temperature distributions of the PEMFC. Our analyses show that hydrogen crossover from the anode
to the cathode through a pinhole can cause hydrogen diffusion and a hydrogen oxidation reaction (HOR) on the
cathode electrode surface under certain conditions. Consequently, local reverse currents and hot spots are
detected around the pinhole position under open-circuit voltage (OCV) and the corresponding current and
temperature distribution trends are uniform. Conversely, the reverse current immediately disappeared from the
current distribution map because water exists under operation conditions, resulting in membrane swelling and
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Fig. 1. (a) Schematic showing the single cell test bench. (b) Single cell PCB assembly used for current density and temperature distribution measurements. (c) Anode
flow field. (d) Cathode flow field.

pinhole sealing. Thus, hydrogen crossover decreased and local reverse currents reappeared as a result of anode
overpressure during fuel cell operation. The local reverse current becomes weaker when using the same-sized
pinhole under the same anode overpressure because the overall current density increases. Furthermore, owing
to the presence of water, the capillary force for the 100-um pinhole was higher than that for the 10-um pinhole,
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Table 1
PEMFC parameters and operational conditions.
Parameters(cell design) Value  Operational conditions Value
Anode catalyst loading (mg Pt/ 0.2 Anode gas Hydrogen
cmz)
Cathode catalyst loading (mg Pt/ 0.4 Anode relative 60%
cm?) humidity
Channel width (mm) 1 Anode stoichiometry 1.5
Channel depth (mm) 1 Anode back pressure 0-1.2 bar
Rib width (mm) 1 Cathode gas Air/Ny
Cathode relative 60%
humidity

Cathode stoichiometry 3.5
Cathode back pressure 0-1 bar
Cell temperature 80°C
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indicating that more anode overpressure is required to generate a local reverse current. Thus, the position and
size of the pinhole can be effectively detected using in situ characterization.

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) provide clean en-
ergy for automobiles, trucks, airplanes, ships, etc [1]. However,
currently, the life of a PEMFC is relatively short and is among the main
factors hindering its commercial development [2]. PEMFC degradation
may arise during operation and includes chemical, physical, and thermal
degradations [3-6]. The formation of pinholes in proton exchange
membranes (PEMs) is considered a critical factor in PEMFC performance
and is one of the main reasons for fuel cell failure and other safety issues.
Accidental damage resulting from improper manufacturing processes
may generate pinholes in PEMs [7]. Pinhole formation can severely limit
the service life of a fuel cell; thus, it is necessary to detect and charac-
terize pinholes as a means to evaluate the effects of pinholes on
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Fig. 2. Current density distribution under OCV conditions. (a) Hy/Air P, = P. = 0 bar. (b) Ho/Air P, = 0.1 bar, P. = 0 bar. (c) Hy/N,, P, = P. = 0 bar.

electrochemical behavior and fuel cell performance. For example, it is
important to understand how the local characteristics of hydrogen
crossover can affect the overall performance of fuel cells.

The characterization of pinholes in fuel cells caused by degradation
or damage can be divided into in situ and ex situ methods according to
the type of operation performed [8-17]. Although these methods are
helpful for detecting and characterizing pinholes in fuel cells, they do
not fully reveal the influence of pinhole formation on the performance of
fuel cells. Furthermore, some of the most common characterization
methods are not exclusive to pinholes; for example, a drop in open-
circuit voltage (OCV) is not necessarily caused only by the pinhole.
Consequently, it is difficult to quantify the degradation of PEMFC caused
by pinholes. Additionally, although some in situ technologies, such as X-
ray computed tomography (XCT) [16], can effectively characterize
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Fig. 3. Current density distribution under operational conditions. (a) 100 mA/cm?, P, = P, = 1.0 bar. (b) 100 mA/cm?, P, = 1.4 bar P, = 1.0 bar. (c) 200 mA/cm?,

P, = 1.4 bar P. = 1.0 bar.

pinholes, they do not reveal the electrochemical behavior caused by
pinholes during operation, which in turn influences the performance of
fuel cells. Therefore, it is particularly important to in situ characterize
pinholes in PEMFC, enabling a deeper understanding of their evolution

from appearance to the gradual enlargement of pinholes that eventually
causes fuel cell failure. IR thermography is a nondestructive technique
used for in situ characterization that is widely used in detecting fuel cell
pinholes [18,19]. However, previous research has shown that pinholes
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Fig. 4. Temperature distribution under operational conditions. (a) 100 mA/cm
1.4 bar P. = 1.0 bar.

are not necessarily identified by infrared imaging. The hydrogen cross-
over phenomenon has been shown to be affected by operating condi-
tions, such as temperature, pressure, and relative humidity [20,21]. In
addition to characterization, simulation is an effective way by which the

2, P, =P, = 1.0 bar. (b) 100 mA/cm?, P, = 1.4 bar P, = 1.0 bar. (c) 200 mA/cm?, P, =

hydrogen crossover phenomenon of fuel cells may be studied [22-28].
Based on theoretical simulations by Weber, Lin et al. [29] used segments
of printed circuit board (PCB) technology to characterize fuel cells.
However, they only characterized PEMFC at 80 °C under OCV conditions
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Table 2
Temperature differences when using a 100-um pinhole.
Operational Average Minimum Maximum Difference Difference
condition T(°C) T(°C) T(°C) between between
Max and Max and
Ave AT Min AT
C) (°C)
100 mA/ 78.0732 76.8185 79.0831 1.0099 2.2646
cm? (P, =
P.=1.0
bar)
100 mA/ 78.5804 77.3002 79.6730 1.0926 2.3728
cm? (P, —
P.=0.4
bar)
200 mA/ 78.6682 77.3548 79.6607 0.9925 2.3059
em? (P, —
P. = 0.4
bar)

and at 120 °C during operation under high temperature accelerated
stress test conditions; realistic operation temperatures of PEMFC are
lower than temperatures used in actual use. Reshetenko et al. [30]
studied the current density characteristics of subcells with pinholes
under OCV conditions using the segmented cell method; however,
segmented cell technology divides the flow field into sections and
cannot accurately reveal the distribution of hydrogen gas reaching the
cathode surface.

To further study the mechanism of hydrogen crossover, novel char-
acterization methods are required. PCB technology [31-36] can effec-
tively and simultaneously determine current density and temperature
distributions, establishing the effect of pinhole on PEMFC current den-
sity and temperature distributions.

The existence of pinholes reduces the service life of fuel cells, but
traditional detection methods cannot effectively detect and locate such
damage. Therefore, this study seeks to use PCB partitioning technology
to perform local characterization of PEMFC and in situ characterization
of pinholes by determining their local electrochemical characteristics.
Our approach requires PCB partitions to have more partitions and high
resolution. In the experiments reported herein, different sized pinholes
were fabricated on a catalyst-coated membrane (CCM) by femtosecond
laser technology. Our method enables the effective detection and loca-
tion of the position and size of pinholes, which has not been previously
achieved. This method is not affected by assembly conditions, material

H, inlet

—‘/ Pinhole position
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properties or flow field, and thus exhibits generality. Additionally, in
contrast to most previous studies, which focused on localized hot spots
generated by pinholes, we here consider the relationship between
localized hot spots generated by pinholes and local reverse currents.
Pinholes are shown to have an indirect, rather than direct, effect on the
overall performance of PEMFC when the anode and cathode operating
pressures are the same; this is contrary to conventional views. Finally,
the local reverse current is shown be weakened for the same size pinhole
under the same anode overpressure with increasing overall current
density, which differs from results previously obtained at high
temperature.

Pinholes with different sizes (10 um and 100 pm) were fabricated on
a CCM with an area of 50 cm? using a commercial chirped-pulse-
amplification fs-laser system (Spitfire Ace, Spectra Physics); pinholes
were then characterized using commercial current scan shunt (CSS) S++
Simulation Services (Hephas Energy) to investigate their effect on
PEMFC current density and temperature distributions. Our experimental
results enable the following aspects to be discussed: 1. pinhole effect on
local current density distribution during OCV and operation; 2. pinhole
effect on current density and temperature distributions under different
back pressure differential conditions for both the anode and cathode; 3.
influence of hydrogen crossover on local and global fuel cell perfor-
mance cells: 4. positional relationship between local current character-
istics of the pinhole and local hot spots; and 5. local current and
temperature distribution of pinholes with different diameters.

2. Experimental
2.1. Single fuel cell experiment apparatus

The programmable DC electric loader (PLZ664WA, Kikusui) setup
used in this experiment is shown in Fig. 1(a). The single cell assembly is
shown in Fig. 1(b). A membrane electrode assembly (MEA) was pre-
pared using a CCM and gas diffusion layers (GDLs) via the hot pressure
method. The PEM was a commercial Gore membrane with a thickness of
18 pm. The MEA active area was 50 cm? (5 x 10 cm). The PCB board was
placed between the cathode flow field and current collector plate to
determine the current density and temperature distributions. The single
fuel cell assembly torque was 6.5 Nem. Other specific parameters are
given in Table 1.
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Fig. 5. 10-um pinhole current density distribution under OCV conditions, i.e., P, = P. = 1.0 bar.
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2.2. Operational conditions

The counter-flow mode was used such that H, was fed into the anode
and air was fed into the cathode. The anode and cathode flow fields are
parallel as shown in Fig. 1(c) for the anode and Fig. 1(d) for the cathode.
Other relevant parameters are given in Table 1.

2.3. Current and temperature density distribution

Commercial CSS S++ Simulation Services (Hephas Energy) was used

to measure the PEMFC current density and temperature distributions.
The PCB has an effective test area of 5 x 10 cm?, including 26 x 10
current density test points and 13 x 5 temperature test points. Current
distribution and temperature distribution data were collected every 500
ms.

The overall assembly is shown in Fig. 1(b). The PCB was placed on
one side of the graphite flow field of the fuel cell cathode to ensure good
contact with the cathode graphite flow field during assembly. The
copper current collector plate had a gilded surface to ensure that its
contact resistance is consistent with the flow field.

2.4. Electrochemical characterization

The overall performance of the single cell was characterized using a
polarization curve. The polarization curves were tested by measuring
the cell voltage when stepping the current density. The operation tem-
perature was set at 80°C for single cell polarization tests, during which
the anode was fed with hydrogen and the cathode was fed with air. The
operational back pressure was set at 1.0 bar for both the anode and
cathode. Humidity was maintained at 60% for both H, and air
throughout the experiment. The stoichiometric ratios were 1.5 for Hy
and 3.5 for air.

2.5. Pinhole fabrication

CCM pinholes were fabricated using a commercial chirped-pulse-
amplification fs-laser system (Spitfire Ace, Spectra Physics). The corre-
sponding pulses for the 100 and 10 um pinholes were 200 and 15 mW,
respectively. Pinhole position was set at the hydrogen inlet. The MEA
was pressed to ensure that the pinhole location was near the hydrogen
inlet. The position of the 100 and 10 um pinholes was slightly different.
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2.6. Pinhole ex situ characterization

The membrane with the 10 ym pinhole was kept under dry condi-
tions, then soaked in 80 °C water for 30 min. Both situations were
measured using a Keyence VK-X1000.

3. Results and discussion
3.1. Pinhole effect on current density distribution under OCV conditions

First, the effect of pinhole on the current density distribution under
OCV conditions was investigated. A femtosecond laser was used to
fabricate a pinhole with a diameter of ~100 pm on the CCM to ensure
penetration through the entirety of the CCM, and the position was set at
the hydrogen inlet. The current density distribution of pinholes under
different operational back pressures was obtained by means of anode
overpressure. Fig. 2(a) shows the OCV current density distribution under
the same operational back pressure for both the anode and cathode (P,
=P, =0 bar). Fig. 2(b) shows the OCV current density distribution when
the anode overpressure and cathode back pressure remained unchanged
(P, = 0.1 bar, P, = 0 bar). Fig. 2(a) and 2(b) indicate that a local reverse
current appears at the pinhole position and that the local reverse current
becomes more obvious as the anode back pressure increases. This result
is consistent with the findings of Lin [29] and Reshetenko [30].

Then, nitrogen was introduced to the cathode and the current density
distribution was re-measured, as shown in Fig. 2(c). In this test, both the
anode back pressure and cathode back pressure were set at 0 bar. The
positive and negative values of current density distribution are reversed
compared with the Ho-air condition because the hydrogen side has a
higher potential than nitrogen and behaves as a concentration cell.
According to the Nernst equation, under the condition of Hy-Ny, the
potential of the fuel cell is as follows:

RT P;;n/mde

Epy = —5ln—p—, 1
st oF n Pznz,,d(,, (@)

where E, is the potential of the fuel cell under the condition of H>-No,
R is the ideal gas constant, T is the cell temperature, F is the Faraday
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Fig. 8. (a) Membrane with pinhole under dry conditions. (b) Membrane with pinhole soaked in water at 80 °C for 30 min.
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constant, Pfg‘h"de is the partial pressure of hydrogen in the cathode, and
Pfﬁ,’;"d“3 is the partial pressure of hydrogen in the anode. Based on this
equation, Niroumand et al. [7] effectively adjusted the partial pressure
of the anode and cathode to obtain the detectable potential E and then
calculated the size of the pinhole using the obtained potential Ej.

3.2. Pinhole effect on current density distribution under operational
conditions

A femtosecond laser was used to process a pinhole of ~100 um on the
CCM to ensure the penetration of the whole CCM, and this position was
set at the hydrogen inlet. The purpose of this process was to examine the
effects of large-sized pinholes on current density distribution under
operational conditions.

First, we considered the condition under which the back pressures of
the cathode and anode are the same. The current density distribution at
a current density of 100 mA/cm? is shown in Fi g. 3(a), where the back
pressures of both the cathode and anode are 1.0 bar. The appearance of
pinholes does not cause obvious regularity in the overall current density
distribution. The current density distribution is different from the OCV
condition. MATLAB calculations show that the maximum local current
density is 143.52 mA/cm?, whereas the minimum local current density
is 12.48 mA/cm? The position of the pinhole at the hydrogen inlet
causes large local hydrogen permeation, yielding a relatively low cur-
rent density at the hydrogen outlet. Subsequently, the anode back
pressure was gradually adjusted to 1.4 bar while the cathode back
pressure was kept at 1.0 bar. The current density distribution is shown in
Fig. 3(b), indicating that as the back pressure difference between the
cathode and anode increases, a negative current appears on the cathode
surface. The lowest negative current is — 448.76 mA/cm?; this current
gradually increases along the surface of the cathode, finally reaching a
current density of 0 mA/cm? Then, the current density increases
gradually to a local maximum of 437.84 mA/cm?. Running under this
operating condition for 1 h, the overall current density distribution did
not change considerably. Subsequently, the operating conditions
remained unchanged, the back pressure difference between the anode
and cathode was maintained at 0.4 bar, and the current density was
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increased to 200 mA/cm?. Fig. 3(c) shows that the overall current
density distribution has the same trend as that shown in Fig. 3(b), such
that the local current density at the pinhole position is the lowest
negative current, —378.04 mA/cm?, and the negative current at the
cathode surface gradually increases as the current density gradually
increases, reaching a local maximum current density of 606.84 mA/cm?.
The above experimental phenomena differ from PEMs operated at a high
temperature (i.e., 120°C). With increasing current density, the local
reverse current caused by pinholes becomes more obvious at high
operational temperatures. Conversely, at low temperature (80°C), no
local reverse current is detected when the back pressures of the anode
and cathode are equal during the fuel cell operation. However, local
reverse currents appear when the pressure difference between the anode
and cathode backpressure increases and the local reverse current be-
comes less obvious with increasing overall current density.

This phenomenon may to be explained in three ways: gas diffusion
theory; thermodynamics; and electrode kinetics.

Gas diffusion theory: Based on Weber’s theory [23], the threshold
value of the hydrogen permeability coefficient may be derived for
various materials at 120 °C (Teflon 2 x 10~ mol/bar cm s, Nafion(dry)
3 x 10~ mol/bar cm s, Nafion(wet) 9 x 10~ mol/bar cm s, stagnant
liquid water 3 x 1079 mol/bar cm s, and stagnant air 3 x 10~ mol/bar
cm s). Large differences in the transport of hydrogen in different media
have been reported. Therefore, under relatively low operational tem-
peratures, owing to the presence of water, the pinholes become sealed

and a certain pressure must be applied to the anode to enable hydrogen
gas to directly reach the cathode.

The presence of pinholes induces capillary pressure during fuel cell
operation, causing liquid water to instantly fill the pinholes. This water
sealing effect influences the detection of pinholes. Simultaneously,
water acts as a plasticizer for nafion, causing nafion membranes to swell,
and reducing the size of the pinholes relative to dry conditions [37].
Therefore, to ensure that hydrogen gas reaches the cathode directly
through the pinhole, a certain pressure should be applied to the anode
[38]. In Weber simulation [23], the pinholes in the PEM are assumed to
be filled with air, i.e., liquid water is not present. By increasing the
number of pinholes of smaller size equivalent to the number of pinholes
of larger size, Weber deduced that the minimum negative current
appeared in the cathode and found that the position of negative current
and the highest temperature were the same, i.e., at the pinhole position.
When the back pressures of the cathode and anode are unequal, an in-
crease in the overall current density increases the production of liquid
water, causing the swelling of the film. Consequently, greater current
densities are associated with weaker local reverse currents. Our exper-
imental results show that as long as the liquid water in the pinhole is
discharged and the convective movement of hydrogen is increased, the
current density and temperature distributions are consistent with We-
ber’s simulations.

Thermodynamics: The cathode electrode of the fuel cell is equipo-
tential, i.e., its potential is equal everywhere. The leakage of hydrogen
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Fig. 10. Current density distribution under 100 mA/cm?. (a) MEA with and (b)
MEA without pinhole at an anode overpressure of 1.2 bar.

from the anode to the cathode generates a mixed potential, such that the
change in the mixed potential on the hydrogen side is smaller than that
on the oxygen side. The HOR reaction of hydrogen occurs at the surface
of the cathode electrode, whereas the oxygen reduction reaction (ORR)
reaction of oxygen occurs at the surface of the cathode electrode. The
current generated by hydrogen on the cathode is negative relative to
that generated by oxygen. About 260 local currents were found to add
up to 100 mA/cmZ, ie., Y (1) =ij + ia+ +izeo = 100 mA/cm?. Lu et al.
[39] investigated changes in OCV under pinhole conditions by changing
the pressure difference between the anode and cathode. Their results
showed that cathode overpressure causes the OCV to increase slightly,
whereas the anode overpressure causes the OCV to decrease. In similar
experiments, Kreitmeier et al. [38] investigated cathode and anode
overpressures on pinhole conditions, showing that the polarization
curve of cathode overpressure did not considerably change, whereas
anode overpressure led to a sharp decline in fuel cell performance. The
effect of the mixing potential on hydrogen penetration can be explained
using the above experiments.

Electrode kinetics: The overpotential and concentration of the re-
actants determines the reaction rate. The reaction rate of hydrogen
oxidation is much faster than that of the overall electrochemical reaction
[23]. The HOR reaction rate of hydrogen is 10 mA cm™2, whereas the
ORR rate of oxygen is 108 A cm 2. The reaction rate of hydrogen at the
cathode depends on the local concentration of hydrogen and is unaf-
fected by the permeability coefficient of hydrogen.

In summary, regardless of whether thermodynamics or kinetics is
considered, hydrogen passage through pinholes is conducive to the HOR
reaction at the cathode. Notably, Weber’s simulation is based on a
pseudo-two-dimensional (2-D) approach. Through our experiment,

10

Applied Energy 342 (2023) 121136

hydrogen is seen to pass through the pinhole to generate a local reverse
current and diffusion behavior is observed at the surface of the cathode
electrode. The concentration gradient of hydrogen on the cathode side
gradually decreased. As the HOR reaction rate is higher than the ORR
reaction rate, ORR plays a dominant role during the consumption of
hydrogen and the output of the overall current density must be satisfied
such that the local current density below the cell is higher than the
output current density.

3.3. Effect of pinhole on temperature distribution

The results of the temperature distribution tests are shown in Fig. 3;
data points were collected at the same time as the current density dis-
tribution. Fig. 4(a) shows the temperature distribution of 100 mA/cm?
with a back pressure of 1.0 bar for both the anode and cathode; Fig. 4(b)
shows the temperature distribution of 100 mA/cm? with a back pressure
difference of 0.4 bar between the anode and cathode; Fig. 4(c) shows the
temperature distribution of 200 mA/cm? with a back pressure difference
of 0.4 bar between the anode and cathode. Temperature differences are
shown in Table 2.

Hydrogen permeates into the cathode through the pinholes and re-
acts exothermically with oxygen in the air on the catalyst layer of the
cathode. Considering the temperature distribution in Fig. 4 and the data
in Table 2, the thermal effects of hydrogen permeation and hydrogen
convection are found to be similar, with a difference of approximately
2 °C between the maximum and minimum temperatures. In the present
experiment, because a fixed stoichiometric ratio was adopted, the
hydrogen gas permeated into the cathode is relatively fixed, such that
there is little difference between the maximum and minimum temper-
atures. The highest temperature appears at the 100 pm pinhole position
and the temperature distribution is the same as the overall trend of
hydrogen diffusion at the cathode; i.e., the temperature distribution is
the same as the trend of the reverse current distribution generated by
hydrogen at the cathode. This is consistent with Weber’s simulation
[40], that is, a temperature gradient distribution exists in the cathode
GDLs.

Obermaier et al. [18] investigated temperature differences using IR
thermography. Although their approach was able to rapidly locate
pinholes in PEMs, the temperature difference caused by the pinhole is
subject to various factors, such as electrode properties, GDL properties,
and the position of the clamping plate. Haase et al. [41] used the CSS
module of the same equipment to test the temperature of the 250 cm?
short stack; their results showed that the temperature distribution was
affected by the coolant. This highlights that there are many factors to be
controlled by using temperature differences to detect the pinhole of the
fuel cell. Combined with the present experiment, this indicates that IR
technology is appropriate for OCV under low humidity and anode
overpressure. These conditions ensure increased convection of hydrogen
through the pinholes in the fuel cell and the effective detection of the
heat release effect.

3.4. Effect of small-sized pinhole on current density distribution under
OCYV conditions

To further verify the above experimental results, a small pinhole of
~10 pm was fabricated on a CCM using femtosecond laser technology.
Under the OCV condition, a local reverse current was generated at the
pinhole position (Fig. 5). Similar to Fig. 1(a), a local reverse current was
obtained at the pinhole position, with a minimum value of —4.16 mA/
cm?. This indicates that the pinhole position can be located according to
the minimum local reverse current. The conditions for small-size pinhole
detection were thus determined and may facilitate early diagnosis of
PEMEFC failure.
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Table 3
Temperature difference when using a 10-um pinhole.

Applied Energy 342 (2023) 121136

Operational conditions P, — P, = 1.2 Average T Minimum T Maximum T Differences between Max and Ave AT Differences between Max and Min AT
bar C) (°C) C) (°C) (°C)

100 mA/cm? 80.1745 79.2821 80.9706 0.7961 1.6885

200 mA/cm? 80.2522 79.3099 81.0255 0.7733 1.7156

300 mA/cm? 80.3352 79.3523 81.0646 0.7294 1.7123

400 mA/cm? 80.5066 79.5533 81.1965 0.6899 1.6432

3.5. Effects of small-sized pinhole on current density distribution under
different current density conditions

The current density distribution owing to small-sized pinholes under
different current densities with the same anode and cathode back
pressures of 1.0 bar was obtained. As shown in Fig. 6(a)-(d), current
density distributions at conditions of 100 mA/cm?, 500 mA/cm?, 800
mA/cm?, and 1000 mA/cm?, respectively, were obtained. The current
density distribution owing to the presence of water and membrane
swelling indicates that the reverse current disappears instantaneously
when the state is changed from the OCV situation to the 100 mA/cm?
situation. Meanwhile, the local current performance at the pinhole po-
sition itself seems relatively “normal,” and the fuel cell can continue
operating normally under high current density. Therefore, pinholes are
difficult to detect in realistic operational conditions, especially when
their size is small. Further, it is inaccurate to judge whether a pinhole
exists through the polarization curve [38,39]. Furthermore, the presence
of pinholes at the position of the hydrogen inlet leads to a lower local
current density at the hydrogen gas outlet and at the air inlet and outlet.
When comparing the polarization curve in Fig. 7 with the intact MEA,
the OCV of the MEA with pinholes drops slightly at the OCV. Owing to
the constant stoichiometric ratios used in the test, a small amount of
hydrogen permeates the sealing pinhole to the cathode side, causing fuel
starvation at the hydrogen outlet and affording a slight decrease in the
overall performance of the cell. Therefore, for PEMFC during operation,
owing to the sealing effect of water on pinholes, the impact of pinholes
on PEMFC is not direct; it exerts an indirect effect on the performance of
the fuel cell.

3.6. Effect of small-size pinholes on current density distribution under
different back pressures

The above discussion indicates that the local current density char-
acteristics of the pinhole are obscured owing to the presence of water as
well as membrane swelling. Therefore, we can visualize the local current
density characteristics of the pinhole by means of anode overpressure
according to the following equation:

26c0s0

Pc )
r

(2)

where P, is the capillary pressure, 6 is the contact angle of water, r is the
pinhole radius, and o is the surface tension of water. The smaller the
radius, the greater the required back pressure difference between the
anode and cathode to discharge water from the pinhole. Therefore, the
local reverse current can be found by gradually adjusting the back
pressure difference between the anode and cathode. Fig. 8 shows an
offline test for a 10-um pinhole under dry and wet conditions, indicating
that owing to membrane swelling, the size of the pinhole becomes
smaller under wet conditions than under dry conditions.

Fig. 9 shows the cases in which the back pressure differences be-
tween the anode and cathode are 0.2, 0.4, 0.6, 0.8, and 1.0 bar. When
the pressure difference between the cathode and anode reaches 1.2 bar,
a local reverse current occurs. The position of the local reverse current is
the same as that of the pinhole, such that the overall current density
distribution is similar to the OCV current density distribution. As shown
in Fig. 10 (a), when the anode back pressure is 1.2 bar and the cathode
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back pressure is O bar, local reverse current recurrence occurs; this
verifies the above hypothesis.

A comparison of Fig. 5 and Fig. 10(a) indicates that when the
interference of water is excluded, the current density distribution of
OCV shows the same trend as anode overpressure. Local current char-
acteristics can be used to locate pinholes effectively under the condition
of anode overpressure during OCV and operation. Both figures accu-
rately show the effect of pinholes on local current. Fig. 10(b) shows the
MEA without pinhole at an anode overpressure of 1.2 bar. There is no
local reverse current.

3.7. Effect of small-sized pinholes on current density distribution under an
anode overpressure 1.2 bar and different current densities

Fig. 11(a)-(d) shows current density distributions under conditions
of 100 mA/cm? 200 mA/cm? 300 mA/cm? and 400 mA/cm?
respectively, with an anode back pressure of 1.2 bar and a cathode back
pressure of 0 bar. As the current density gradually increases, the local
reverse current caused by the pinhole disappears. At 400 mA/cm? the
voltage drops sharply below 0.5 V. Therefore, during fuel cell operation,
if the anode back pressure exceeds the cathode back pressure, the sealing
effect of water on pinholes is weakened. When a pressure difference
exists between the operating back pressure of the cathode and anode,
pinholes are fatal to the fuel cell and may cause a sharp drop in voltage
or even burns.

3.8. Effects of small-sized pinholes on temperature distribution under an
anode overpressure 1.2 bar at different current densities

Temperature distributions under the above operating conditions are
shown in Fig. 12.

Comparing the results shown in Tables 2 and 3 suggests that the
temperature changes caused by differently sized pinholes are distinct.
For a relatively small pinhole, the hydrogen crossover will be relatively
small; as such, the exothermic reaction caused by the cathode catalytic
layer will be correspondingly weakened. Meanwhile, according to De
Moor et al. [19], when the PEMFC is in an advanced state of degrada-
tion, the catalytic layer cannot effectively assure the heat release of
hydrogen and oxygen to generate local hot spots owing to the loss of Pt,
carbon support, and binder combustion. Because our experiment
directly drills into the CCM, the size of the holes is positively correlated
with the local hot spots.

4. Conclusions

Herein, pinholes of different sizes were fabricated on CCMs with an
area of 50 cm? and characterized using PCB technology to investigate
the effects of pinholes on PEMFC current density and temperature dis-
tributions. The main conclusions are as follows:

(1) Unlike PEMFC operation at high temperature, the PEMFC studied
herein generates more water with increasing current density.
Owing to the swelling effect of the membrane and the relatively
small diffusion coefficient of hydrogen in water, the effects of
pinholes on local current density decrease with increasing overall
current density.
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(2) A certain pressure must be applied to remove water in the pinhole
such that hydrogen can reach the cathode directly to perform the
HOR reaction. Under this condition, the current is a local reverse
current and hydrogen diffuses along with the direction of gas flow
in the cathode, affording hydrogen concentration gradient
change.

(3) As the HOR reaction rate is higher than the ORR reaction rate at
the cathode, ORR plays a dominant role as hydrogen is consumed
under anode overpressure conditions. Further, the output of the
overall current density must be satisfied such that the local cur-
rent density below the cell is higher than the output current
density. The highest temperature occurs at the pinhole position,
and temperature exhibits the same distribution as cathodic cur-
rent density.

The local current density characteristics of the pinhole are

dependent on pinhole size. Smaller pinholes require greater

anode overpressure to generate local reverse current density
during PEMFC operation.

The presence of pinholes does not directly affect the performance

of PEMFC, especially when the pinholes are relatively small.

Owing to the sealing effect, pinholes do not generate local reverse

currents and normal operation prevails. However, fuel starvation

can occur at the hydrogen outlet, affording an overall decrease in
the performance of the cell.
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