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To improve the performance and durability of a dead-ended anode (DEA) fuel cell, it is
important to understand and characterize the degradation associated with the DEA oper-
ation. To this end, the multiple degradation phenomena in DEA operation were investi-
gated via systematic experiments. Three lifetime degradation tests were conducted with
different cell temperatures and cathode relative humidities, during which the temporal
evolutions of cell voltage and high frequency resistance (HFR) were recorded. When the
cathode supply was fully humidified and the cell temperature was mild, the cathode car-
bon corrosion was the predominant degradation observed from scanning electronic mi-
croscopy (SEM) of postmortem samples. The catalyst layer and membrane thickness were
measured at multiple locations across the cell active area in order to map the degradation
patterns. These observations confirm a strong correlation between the cathode carbon
corrosion and the anode fuel starvation occurring near the cell outlet. When the cathode
supply RH reduced to 50%, membrane pin-hole failures terminated the degradation test.
Postmortem analysis showed membrane cracks and delamination in the inlet region where
membrane water content was the lowest.
Copyright © 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

additional fuel recirculation subsystem to increase efficiency
of hydrogen usage [1,8]. The anode recirculation subsystems,

To meet the Department of Energy (DOE) target of 30 $/kW including water separator and ejector/blower, require

for automotive application by 2015 [1], cost reduction in both
fuel cell components and balance of plant (BOP) accessories
is critical. There are innovations in fuel cell components
such as low Pt loading or non-precious metal catalysts and
hydrocarbon electrolyte membranes, which reduce the
cost while maintaining the performance [2—-7]. Additionally,
cost reduction in BOP components, which currently ac-
counts for around 50% of the fuel cell system cost, is also
essential [1].

Conventional fuel cell systems for automotive applications
employ a flow-through anode (FTA) mode which requires an
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hydrogen grade plumbing. These accessories add system
volume, weight and cost.

In contrast to the FTA mode, the DEA operation relies on
pressure regulation rather than mass flow control to supply
the hydrogen necessary to maintain the electrochemical re-
action [9,10]. Although periodic purging is required to remove
the accumulated nitrogen and water, in the anode high utili-
zation of hydrogen with unity stoichiometry ratio can be
achieved [11]. Moreover, the anode subsystem can be simpli-
fied by removing the water separator and ejector/blower and
the overall system cost can be reduced.
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Between consecutive purges, however, nitrogen and water
from cathode crossover gradually accumulate in the DEA
[12,13], leading to local hydrogen depletion or starvation and
associated voltage decay with time. One primary concern in
DEA operation is the cathode carbon corrosion due to the fuel
starvation in the anode [14—17]. In our recent work [18] the
carbon corrosion and associated irreversible voltage loss in
DEA operation have been studied by simulation. In addition to
the catalyst layer degradation, membrane deformation also
occurs in DEA operation particularly in the channel inlet re-
gion that experiences the driest conditions, as observed in our
preliminary experiments [19] and verified in this more
extensive study.

It is therefore of interest to investigate the degradation
phenomena in DEA operation with systematic experiments to
determine the impacts from the key operating parameters.
Once the degradation is characterized and correctly quanti-
fied, we can determine whether the benefit of reduced system
cost is offset by more stringent durability concerns for DEA
systems, and then develop strategies to mitigate the degra-
dation while maintaining the simplified system architecture.
We ultimately anticipate to develop DEA fuel cell systems
with reduced cost as well as reasonable power density and
durability. This paper represents a step towards the goal.

2. Experimental conditions

The lifetime degradation tests are designed to operate the cell
in DEA mode under typical operating conditions and reason-
able current load, with periodic evaluations performed under
flow-through conditions. The typical voltage cycling behavior
under galvanostatic DEA mode with periodic purges is shown
in Fig. 2 in Subsection 2.2. The detailed experimental condi-
tions for three cases are reported in Subsection 2.3. The
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experimental results from the three cases will be discussed in
Section 3.

2.1. Experimental setup

A 50 cm? active area cell was used for each of the degradation
tests in this paper. The MEA consists of two 400 um thickness
(before compression) carbon papers with micro porous layers
(MPL, SIGRACET 10BC, SGL), and catalyst coated membrane
(CCM, Ion Power) with 25 pm-thick membrane (Nafion,
Dupont) and 0.3 mg cm 2 Pt loading at both anode and cath-
ode. The platinum/carbon weight percentage (wt%) was not
released by the company.

There are twenty five parallel straight gas channels (7.3 cm
length, 1.78 mm depth and 2.08 mm width) in the anode, and
five parallel semi-serpentine channels (0.69 mm width and
0.99 mm depth) in the cathode. The flow pathway in the anode
is perpendicular to thatin the cathode while the cell was placed
with a 45° to the horizontal plane and maintained a co-flow
configuration. A 45 W heater is attached to the end plates for
both anode and cathode to maintain uniform cell temperature.

A schematic of the experimental setup is shown in Fig. 1.
Humidified air and hydrogen are controlled by mass flow
controllers to feed into the fuel cell in FTA mode. In DEA
operation, dry hydrogen is supplied to the anode while the
cathode is still fed with humidified flow-through air. The di-
rection of hydrogen flow in the anode is indicated by the ar-
rows in Fig. 1. The temperature of the cathode humidifier, or
dew point, is controlled to achieve the desired cathode inlet
RH. The anode pressure is regulated upstream in DEA opera-
tion whereas the cathode pressure is controlled by a back
pressure regulator. There is a solenoid valve at the down-
stream of the anode to perform scheduled purge. The purge
interval is 900 ms during which the turbulent orifice flow
clears the accumulated nitrogen and water in the anode
channel end. After the degradation test, the aged MEA was cut

Outlet

Fig. 1 — Schematic of the experimental setup. The arrows indicate the direction of hydrogen flow.
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Fig. 2 — Typical voltage evolution in DEA operation. These purge cycles are observed with 0.4 A cm 2 current density, 60 °C
cell temperature, 100% cathode RH, 2.5 cathode stoichiometry and 4.0 psig anode/cathode pressure.

into 25 pieces (1 x 1 cm? for each) to observe the cross section
morphology using a Scanning Electron Microscope (SEM,
Quanta, FEI). The 25 pieces of sample correspond to the 5 x 5
grids in Fig. 1.

2.2. Typical voltage behavior

Fig. 2 shows the typical voltage evolution with time during
galvanostatic DEA operation. The gradual and reversible
voltage drop after every purge is predominantly caused by
nitrogen accumulation in the anode [12], although water also
contributes. The voltage is recovered by a scheduled purge. At
fixed current, pressure, temperature, cathode RH and stoi-
chiometry ratio, the cell reaches a repeatable voltage pattern
in between purges. This repeatable voltage pattern is defined
as a cycle in DEA operation. The cell voltage right after purge is
defined as V,,, in this paper, and the amount of time between
two consecutive purges is defined as tcyce. In the degradation
test, the purge is triggered as the voltage drops to 0.4 V within
a DEA cycle. This purge voltage is chosen to avoid too frequent
purges which lead to a waste of hydrogen fuel, and also to
avoid extremely low power output. As shown in Subsection
3.1, Vap and teyce decrease with time, indicating the long-
term irreversible degradation, which can be observed in
flow-through evaluations including electrochemical diag-
nosis. As a comparison, the short-term voltage decay within a
cycle is due to the nitrogen crossover, which is reversible and
can be recovered by purging.

2.3. Test protocol

Fig. 3 is a flowchart illustrating the protocol for degradation
tests. Initially, the test cell was operated with FTA mode for
conditioning, followed by evaluation of beginning-of-life (BOL)
performance. The DEA degradation test then started, during
which the performance evaluation in FTA mode was per-
formed approximately every 100 h.

In FTA condition, the cell temperature was maintained at
60 °C. Anode and cathode RHs were maintained at 100%, and
stoichiometry 1.2 for anode and 2.5 for cathode. The FTA con-
ditions were applied for 10 min to equilibrate the membrane
humidification before the polarization evaluation was per-
formed. Current load was scanned from 0 to 0.8 A cm 2 twice
with a scan rate of 0.08 A s~* to evaluate the i-V performance.

Electrochemical Impedance Spectroscopy (EIS) measure-
ments were also conducted while at FTA condition. The
operating conditions were maintained the same as those in i-
V evaluation, with 0.2 A cm 2 load and a frequency scan from
0.6 Hz to 10 KHz. During the DEA operation, the HFR was
recorded together with the voltage data.

Three different cases have been tested as summarized in
Table 1. Their difference lies in cell temperature and cathode
RH. The dew point for air was maintained at 46 or 60 °C
(approximately 50 or 100% in RH) when the cell temperature
was at 60 °C. The dew point was 64 °C (approximately 50% in
RH) when the cell temperature increased to 80 °C. Throughout
the DEA degradation test, the cell was operated with galva-
nostatic mode (0.4 A cm~2 load). The solenoid valve was trig-
gered to purge once the cell voltage reduced to 0.4 V.

In general, each experimental condition (Cases 1-3) tar-
geted 1000-h operating time. However, if apparent MEA
failure/damage was observed, then the experiment was
stopped before reaching the target time. Rapid voltage drop
within a DEA cycle followed by a cell shutdown, and an open
circuit voltage (OCV) of 0.9 V or lower, as opposed to the
initial value of around 0.96 V, were used as the indicators of
MEA failure. Both of these observations indicate a critical
membrane failure, typically manifested by pin-holes, at
which time the test was stopped. Specifically, Case 1 reached
the 1000-h target whereas Cases 2 and 3 halted before
reaching 1000 h.

Cyclic voltammetry (CV) using potentiostat (Autolab, Met-
rohm) was performed to measure the electrochemical surface
area (ECSA) at the BOL and EOL (end-of-life), respectively. For
this test, nitrogen was used in the cathode (as working/
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Fig. 3 — Flowchart of the experimental protocol.

counter electrode) and hydrogen in the anode (as reference
electrode). These gases were supplied at a rate of 0.5 L min~*.
The cell was maintained at 23 °C with the same dew point on
both sides. The cell was scanned between 0.05 and 0.8 V po-
tential versus reversible hydrogen electrode (RHE) with a rate
of 25 mV s~* for three times.

The hydrogen crossover through the membrane is evalu-
ated by linear sweep voltammetry (LSV). During LSV, the cell
temperature and dew point were both maintained at 60 °C and
a potential from 0.05 to 0.6 V (vs RHE) was applied with a scan
rate of 5mV s~

3. Results and discussions
3.1. Cell voltage and resistance

Fig. 4 shows the time evolution of the voltage after each purge
Vap, the high frequency resistance (HFR) and the duration of a

Table 1 — Operating conditions for DEA degradation tests.

Case  Teen (°C) Thum (°C) SReca(-) I(Acm™?) RHca
Case 1 60 60 2.5 0.4 100%
Case 2 60 46 2.5 0.4 50%
Case 3 80 64 2.5 0.4 50%

DEA purge cycle tcyce for each case. The operating conditions
are noted in the figure.

In Case 1, which has a cell temperature of 60 °C and cath-
ode relative humidity of 100% as shown in Table 1, the
degradation test finished the target time of 1000 h. The cycle
duration dropped about 15% compared to the initial cycle
duration. Despite the reduced cycle duration, the corre-
sponding OCV values shown in Fig. 5 remained within 1%
tolerance of the initial OCV. Under 100% cathode RH, the
membrane in Case 1 shows negligible mechanical degradation
because the differences in OCV at the BOL and EOL are small.
The irreversible voltage loss is most likely due to the catalyst
layer degradation verified by the electrochemical diagnostics
and SEM imaging in Subsections 3.2 and 3.3.

In Case 2, the cathode relative humidity is 50% and the cell
temperature is 60 °C. Initially, tcycie Was 37 min. In contrast,
this value reduced to about 6 min at the end of the test, with
an OCV drop from 0.956 to 0.906 V as shown in Fig. 5. It is very
likely that the membrane experienced a pin-hole failure. Due
to the low OCV, the degradation test for Case 2 was halted
before reaching 1000 h.

In Case 3, which has an elevated cell temperature of 80 °C
and 50% cathode RH, the cycle duration decreased from 83 to
17 min and the test lasted only about 400 h. At this time the
OCV had decreased from 0.956 to 0.908 and thus the mem-
brane in Case 3 suffered a pin-hole failure as well. The pin-
hole failure occurred much earlier in Case 3 than in Case 2.
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Fig. 4 — Complete data set of three DEA degradation tests
with different operating conditions: a) after-purge voltage
Vap, b) high frequency resistance, and c) cycle duration

tcycle-

It appears that the membrane is more vulnerable under
increased temperature, probably due to the more severe in-
homogeneity of local current/temperature distribution
compared with that under lower cell temperature.

The difference in t.yqe between three cases shown in Fig. 4
can be explained by the model of N, permeation which is
membrane water content (1) and temperature (Teen) depen-
dent [20]:
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Fig. 5 — The evolution of OCV for three cases.

where ay, is a tuned scale factor [12], R is the universal gas
constant, Ey, = 24,000] mol %, Tyer = 303K, and f, is the volume
fraction of water in the membrane given by:

W
fo =V ve 2

where Vy, = EW/ppmp ary is the dry membrane volume, equiv-
alent weight divided by density, and V,, is the molar volume of
water. In Eq. (1), A can be also expressed as a function of Teen
[21]:

A353 — 4303

(Tcell - 303) (3)

where 303 and Jss3 are the equilibrium membrane water
contents at the temperature of 303 K and 353 K, respectively
[22]:

Js03 = 0.043 + 17.81RH — 39.85RH’ + 36.0RH’ (@)

Js3s3 = 0.300 + 10.8RH — 16.0RH? + 14.1RH> (5)

where RH indicates the relative humidity of the gas in equi-
librium with the membrane. Using Egs. (1)—(5) one can obtain
a functional dependence of Ky, on T for different values of
RH and 2 under equilibrium, as shown in Fig. 6. Increasing Tcen
from 60 °C to 80 °C with RH = 100% causes a 40% increase of
the Ky, value, whereas increasing A from 4 to 10 approximately
doubles the value of Ky, .

For Case 1 in Fig. 6, the cathode inlet condition closely
approximates the membrane hydration state, therefore the
corresponding N, permeabilities from cathode inlet RH and
averaged membrane water content are almost the same.
However, for Cases 2 and 3, the model [11] predicts different
average membrane hydration. From the brown markers
indicating the N, permeabilities based on the average 1, one
can observe that Case 3 shows the smallest N, permeability
and therefore the largest tcycle.

Fig. 7 presents the spatiotemporal evolutions of the
membrane water content, N, permeability through the
membrane and local current density, obtained by an along-
channel model [11] simulation for these three cases. The
along-channel distribution of each parameter at three
selected times within a cycle is plotted. In the first subplot, the
membrane water content in Case 3 is substantially lower than
that in the other two cases. Therefore, the average Ky, in Case
3 is the lowest as shown in the second subplot. The local
current distribution in the third subplot exhibits large spatial
inhomogeneity particularly in Cases 2 and 3, in which the
highest local current is observed at the middle region of the
channel due to the membrane self-humidification.

In the first 100 h of Fig. 4, HFR increased dramatically, and
then it stabilized in all cases. The initial low HFR indicates a
high hydration state of membrane after the flow-through
conditioning. In DEA operation, there is no humidification
for hydrogen. The model predicted membrane drying in the
inlet region is shown in the first subplot of Fig. 7. The
increasing HFR is due to the gradual drying of the membrane.
As the membrane hydration in DEA operation reached
equilibrium, HFR stabilized. In Case 3, the high temperature
and low RH conditions, which dry the cell, have to be
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Fig. 6 — The N, permeability as a function of T.e; for
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the cathode relative humidity, whereas the brown markers
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legend, the reader is referred to the web version of this
article.)

achieved before resuming the DEA operation after the diag-
nostic test. Thus, the HFR in Case 3 does not decrease
significantly even right after the flow-through diagnostics
every 100 h.
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3.2. Electrochemical diagnosis

Since each case has different operating conditions, it is diffi-
cult to compare the degradation effects under DEA condition.
Therefore, the periodic performance evaluation in FTA mode
was conducted using the following operating conditions: 60 °C
cell temperature, 100% RH and 2.5 psig pressure at both anode
and cathode, and 1.2 anode stoichiometry and 2.5 cathode
stoichiometry as shown in Fig. 3. The FTA diagnostics con-
sisted of EIS (Fig. 9), OCV (Fig. 5) and polarization measure-
ments (Fig. 8). The performance drop in the polarization
becomes much smaller after the first diagnostic at BOL, a
similar trend observed in Fig. 9.

Fig. 9 shows the Nyquist plots with a frequency range from
10 KHz to 0.6 Hz. Analysis of the EIS results in this paper
provides a qualitative understanding of the different over-
potentials that contribute to the total voltage loss. In all three
cases, the ohmic overpotential increases rapidly in the initial
stage (from the first to the second set of diagnostic tests) and
then it stabilizes after the second diagnostic tests, as repre-
sented by the high frequency intersection. Again, this obser-
vation indicates the gradually dried membrane since the DEA
operation started after the flow-through conditioning. The
similar HFR values after the first diagnostic tests indicate that
the chemical degradation of membrane, which increases the
cell resistance [23,24], is minor throughout the degradation
test, as compared to the major failure, membrane pin-hole, in
Cases 2 and 3.

The charge transfer resistance increases throughout the
degradation test as represented by the increasing size of the
conductive arcs. During the degradation test, the hydrogen
starvation, due to the nitrogen blanketing and water accu-
mulation in the anode, led to the cathode carbon corrosion
and associated Pt agglomeration [18,25,26]. As a result, the
porosity and ECSA of cathode catalyst layer reduced [27,28]
and the charge transfer resistance increased.

In Fig. 9, the secondary conductive loops at the low fre-
quency regions are observed for all three cases, which are
attributed to the diffusion limitation of oxygen within the
catalyst layer [29], suggesting that the cathode stoichiometry
ratio in the protocol (Fig. 3) could be further increased while
performing EIS measurement. Moreover, the observed low-
frequency inductive loops are due to the additional reactions
such as the formation of hydrogen peroxide and the formation
of PtO with subsequent dissolution of Pt [30], when the cath-
ode local potential was increased during the DEA operation. A
recovery step with sufficient idle time appears to be necessary
in the protocol before the flow-through evaluation.

The CV measurements at BOL/EOL for all three cases are
shown in Fig. 10. The ECSA can be estimated from the
hydrogen desorption/adsorption peak by using Eqg. (6), in
which Qy, indicates the total charge from desorption/adsorp-
tion (uC cm 2, integral from the hydrogen adsorption peak).
The platinum loading in the electrode in gram is defined as C
and S is a constant, representing the single layer saturation
coverage for hydrogen on Pt particle surface (210 pC cm™?)
[31,32]

Qn(rC)

2, -1y Q&)
ECSA(Cm gPt) S(uC-cm*Z)-C(gpt)

(6)
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The calculated ECSA is shown in the Table 2. Over 50% of the
ECSA has been lost from the initial values for all cases.
Although the total test time for Case 3 is much shorter than
the other two cases, the ECSA losses are similar in Case 3 and
Case 1, indicating that the cathode carbon corrosion acceler-
ates when the temperature increases.
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Comparisons of the crossover currents at BOL/EOL by LSV
measurements are shown in Fig. 11. The crossover current has
similar values at BOL and EOL in Case 1, whereas it increases
dramatically at EOL for Cases 2 and 3. This measurement
confirms the membrane pin-holes in Cases 2 and 3, as sug-
gested by the OCV results in Fig. 5, which tends to occur at
lower cathode RH (50%).

From the electrochemical diagnosis, it can be seen that the
cathode catalyst layer experienced continuous degradation
due to the hydrogen starvation when approaching the end of a
DEA cycle. However, the membrane mechanical failure, usu-
ally in a form of pin-hole, could shutdown the cell by
dramatically decreasing the voltage within a DEA cycle. The
ultimate failure in Cases 2 and 3 was the membrane pin-hole
as clearly shown by Fig. 11.

3.3. SEM imaging

After the degradation test, the cell was disassembled and the
MEA was cut into 25 pieces, as shown in Fig. 1, for SEM im-
aging. The average thickness of the anode/cathode catalyst
layer and electrolyte membrane for each case is summarized
in Fig. 12. The first row shows the average thickness of the
membrane. The initial membrane thickness was 25—28 um.
The average membrane thickness does not show significant
change throughout the degradation test. However, there is
localized membrane thinning in the cell inlet region that will
be shown in Fig. 14.

The average thickness of the cathode catalyst layer is
presented in the second row of Fig. 12. The fresh catalyst layer
has a thickness of 14—16 pm for both anode and cathode.

Table 2 — The calculated cathode ECSA at BOL/EOL for
three cases.

Case 1 Case 2 Case 3
BOL ECSA (cm®gy!)  7.919 x 10°  7.360 x 10° 7.407 x 10°
EOL ECSA (cm?g;l)  2.863 x 10°  3.744 x 10°  2.7454 x 10°
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Fig. 11 — LSV spectra at BOL/EOL for all cases: a) Case 1, b)
Case 2, c) Case 3.

There is a large difference in the cathode catalyst layer
thickness from the inlet to the outlet, and the variation trend
is similar for all cases. At the hydrogen inlet region (column A,
see Fig. 1), the cathode catalyst layer shows similar thickness
as compared to the fresh one, whereas the catalystlayer at the
end region (column E) exhibits 50—70% loss of thickness after
the degradation test in all cases. Indeed, carbon corrosion is
significant only in the cathode regions with hydrogen star-
vation in the opposite anode. The thickness of the anode

Cathode/|
Membrane
Anode

100pm

Fig. 13 — SEM image of the MEA cross section at BOL.

catalyst layer did not change after the degradation test in
Cases 1 and 2 due to the low anode potential and negligible
amount of carbon corrosion.

In addition to reporting the average thickness, representa-
tive SEM images showing the MEA cross sections are presented
in Figs. 13—15. The BOL MEA is shown in Fig. 13; both the
membrane and catalyst layer are homogeneous. In Fig. 14,
localized membrane thinningis observed in Cases 2 and 3 at the
inlet region, although the average thickness changes slightly.

In all cases, the model predicts low membrane water con-
tent at the inlet region, as well as a large temporal variation of
thelocal current at the inlet and middle channel regions within
a DEA cycle, as illustrated by Fig. 7. Furthermore, in Case 2,
there also exists substantial magnitude of membrane water
content cycling in the middle channel region as shown in the
first subplot of Fig. 7. The additional mechanical stress intro-
duced by these dry and cycling conditions is responsible for the
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Fig. 12 — The thickness of MEA components (membrane and cathode/anode catalyst layer): the upper color bar is the gauge

for membrane, and the bottom one for catalyst layer.
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a) Casel: Location 5-A
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b) Case2: Location 5-A
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c) Case3: Location 5-A
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100pm

Fig. 14 — SEM image of the MEA cross section showing
localized membrane thinning at the inlet.

local thinning of the membrane in Cases 2 and 3, as well as the
severe membrane delamination as shown in Fig. 15. This style
of damage closely resembles the failure when the cell is tested
under dry/wet or freeze/thaw cycles [33—35]. Generally, the
inadequate water content, uneven local stress and current,
and cycling operation are the culprits for accelerated me-
chanical degradations [36].

The continuous supply with 100% RH in the cathode in
Case 1 appears to alleviate the mechanical stress from the

a) Case2: Location 5-A

Cathode

Membrane
Anode

b) Case3: Location 5-A

Cathode
Membrane

Anode

100pm

Fig. 15 — SEM image of the MEA cross section showing
membrane delamination and catalyst layer damage at the
inlet.

a) Casel: Location 1-E
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b) Case2: Location 1-E
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Membrane
Anode

¢) Case3: Location 1-E

Cathode
Membrane
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6.9um o 5N

100pm

Fig. 16 — SEM image of the MEA cross section showing
catalyst layer thinning at the outlet.

cycling conditions, since the postmortem membrane was
generally homogeneous without localized thinning from the
SEM imaging. The model also predicts that in Case 1, the
membrane water contents in the inlet and middle channel
regions remain at a high level within a DEA cycle, as shown in
the first subplot of Fig. 7.

In Fig. 16, the thinning of the cathode catalyst layer can be
clearly seen for all cases. It is interesting to observe the anode
catalyst layer thinning in Case 3. Higher temperature may
reduce the thermodynamic equilibrium voltage for carbon
and accelerate the rate of carbon corrosion. Further experi-
mental study is needed to validate this finding.

4, Conclusions

The degradation phenomena in DEA operation of a PEMFC have
been experimentally investigated for three cases with different
cell temperatures and cathode supply RHs. Both membrane
and catalyst layer degradations were observed from the in-situ
electrochemical diagnosis and SEM imaging of the aged MEA
samples. The ultimate failure in the degradation test was the
membrane pin-hole, which occurred under low cathode RH
(50%), as shown by the crossover current and OCV measure-
ments. Once the pin-hole formed, the voltage dramatically
decreased within a DEA cycle and the cell shutdown. Therefore,
only Case 1 with 100% cathode supply RH completed 1000 h of
DEA operation, whereas Cases 2 and 3 were halted due to the
pin-hole failure. Cathode carbon corrosion due to the anode
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hydrogen starvation leads to gradual and continuous degra-
dation of cell voltage throughout the DEA operation, which is
confirmed by the increasing charge transfer resistance from
the EIS, the decreasing ECSA from the CV, and the catalystlayer
thinning from the SEM imaging.

Although the average membrane thickness shows small
change throughout the degradation test, local membrane
thinning and delamination have been observed due to the dry
conditions in the inlet region. The membrane chemical
degradation appears to be minor throughout the test because
the HFR showed small variation. Longer DEA operation
beyond 1000 h is probably necessary to identify the influence
from the chemical degradation. With a reinforced membrane
that can prevent pin-hole failure from interrupting the
degradation test, the chemical degradation under DEA con-
dition will be investigated in the future.
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