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a b s t r a c t

The main purpose of this study is to investigate the accelerated degradation of the PTFE/Nafion mem-
brane electrode assembly through open circuit voltage and relative humidity cycling. The state of a
PTFE/Nafion membrane electrode assembly is evaluated in a fuel cell by monitoring the polarization
eywords:
uel cell
omposite membrane
pen circuit voltage degradation
elative humidity cycling

curve, AC impedance, cyclic voltammetry, and linear sweep voltammetry data over time. The experimen-
tal results are then fitted to equations of an equivalent circuit. The results of the first 160 experimental
cycles show that catalyst degradation is the main cause for the decay of the membrane electrode assem-
bly. During the 160–520th cycles, the membrane electrode assembly experiences creep deformation,
which is due to relative humidity cycling. During the 640–840th cycles, the degradation causes a gradual
transition from minor to major membrane cracking; after which the combustion reaction dramatically

ectro
oad cycling accelerates membrane el

. Introduction

Due to their high efficiency, very low greenhouse gas
missions, and quiet and continuous operation mode, proton
xchange membrane fuel cells (PEMFCs) are a promising power
ource. However, the high cost of the membrane electrode
ssembly (MEA) is the main reason why the commercialization of
EMFCs has been delayed.

The perfluorosulfonic acid proton exchange membrane is one
f the key components of the MEA that has a significant effect on
he overall cost and performance of a PEMFC. Many studies have
ttempted to develop low-cost composite membranes that can be
repared by impregnating a low-cost submicron porous support
aterial, such as a polytetrafluoroethylene (PTFE) membrane, with
Nafion solution instead of using Nafion as a proton-conducting

eparator [1–9].
Due to the great mechanical strength of PTFE, inserting a porous
TFE film into a Nafion membrane reduces membrane thickness
the thickness of composite membranes prepared in our lab is
bout 15–25 �m and can be roughly controlled by fabrication
onditions; the thicknesses of Nafion-211, Nafion-212, and Nafion-
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117 membranes are about 25, 50, and 175 �m, respectively). The
lower thickness of PTFE/Nafion (PN) composite membranes allows
them to have a lower proton resistance. Thus, PN composite mem-
branes may have better performance in PEMFCs. Some studies
have reported that PN composite membranes had similar PEMFC
performances to those of DuPont Nafion-112 and better PEMFC
performance than those of Nafion-115 and Nafion-117 [3–7]. The
advantages of PN composite membranes are not only their low
cost and thickness but also their good mechanical strength in both
swollen and un-swollen states, good thermo-stability, and low
dimension change ratio.

Tang et al. demonstrated that a PN composite membrane can
be kept in a stable condition for more than 5000 cycles, about
40% higher than the pure Nafion membrane (about 3500 cycles)
[10]. Several factors can affect the durability of PEMFCs [11–16].
Tang et al. did not test the durability of PN MEA operation in
fuel cell discharge mode; therefore, catalyst layer degradation
was not a concern. Electrocatalysts play an important role in
improving the durability and lowering the cost of PEMFCs [13].
Many studies have shown that non-recoverable deterioration of
PEMFC performance is primarily attributed to the degradation
of Pt-based catalysts and proton exchange membranes in MEAs

[14–16].

In summary, durability and cost are key issues for the commer-
cialization of PEMFCs. Normally, a steady-state lifetime test can be
employed to assess the lifetime of a fuel cell. However, this method
is impractical as a durability test because it is time-consuming and

dx.doi.org/10.1016/j.jpowsour.2010.09.068
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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ostly. This study uses an accelerated degradation technique to
how the durability of a PN membrane electrode assembly.

. Experiment

.1. Preparation of PTEE/Nafion membrane electrode assembly
nd cell specifications

Porous PTFE membranes with a thickness of 18 ± 3 �m, pore size
f 0.5 ± 0.1 �m, and a porosity of 52 ± 5% were used as a supporting
aterial of the composite membranes. A Nafion solution of 5 wt%

f 1100EW Nafion diluted in a mixture of water, isopropyl alcohol,
ethanol, and unspecified ethers [17] was used. The procedure for

he preparation of PN composite membranes has been described in
previous paper [8].

The catalyst HiSPEC 4310 (39.6 wt% Pt/C, Johnson Matthey) and
wt% 1100EW Nafion solution (DuPont Co.) were mixed and dis-
ersed in isopropyl alcohol by ultrasonication for 30 min to form
uniform catalyst ink. The ratio of Pt/C loading to solid Nafion
as maintained at 2:1. The MEA was fabricated using the catalyst-

oated membrane (CCM) method. The catalyst ink was applied onto
he PN membrane with a spray gun. The carrier gas was air, and the
ressure was about 15–20 psi. Air was supplied by an air pump
quipped with water, oil, and particle filters. The Pt catalyst load-
ng was 0.5 mg cm−2 on both the anode and cathode. The CCM was
andwiched by a gas diffusion layer (SGL, 10BC) without a hot press.

In this study, a homemade cell was used. The homemade cell
ad three components; these were an insulating plate, a collect-

ng plate, and a flow field plate, which were made of glass fiber,
old-coated brass, and graphite, respectively. The channel depth,
hannel width, and rib width of the serpentine flow field plate were
mm each. The reaction area was 25 cm2.

.2. Experimental procedures, parameters, and apparatus

The operating conditions of the activation process were a cell
emperature of 65 ◦ C, a hydrogen flow rate of 500 sccm and an air
ow rate of 1250 sccm, both at relative humidity (RH) 100%. The
ischarge voltage was maintained at 0.4 V for 30 min. Performance
ests were carried out to ensure that the specimen was success-
ully activated. The criterion of stability was defined as follows. The
hange rate of current density at 0.6 V, as defined in Eq. (1), was
easured and recorded. The activation process was considered to

e complete when the change rate of any two consecutive events
as within ±5%. Once the specimen condition was stable, the oper-

tion temperature was raised to 80 ◦C gradually to accelerate the
egradation process.

hange rate = i0.6 V,n − i0.6 V,n−1

i0.6 V,n−1
× 100% (1)

The three steps of an accelerated degradation cycle are:

Step 1: maintain open circuit voltage (OCV) at RH 100%;
Step 2: discharge at 0.6 V at RH 100%;
Step 3: discharge at 0.6 V at RH 0% (bypass).

Step 1 represents the aging mode at high temperature and
umidity, Step 2 is the discharge aging mode at high temperature
nd humidity, and Step 3 represents the discharge aging mode at
igh temperature and low humidity. The MEA was subjected to var-
ous aging processes during each complete degradation cycle. For
xample, the aging process for voltage cycling occurred between
teps 1 and 2 and the aging process for humidity cycling from
teps 2 to 3, whereas from Steps 3 to 1, potential cycling, humidity
ycling, and OCV at high temperature and low humidity occurred.
Fig. 1. Experimental flowchart.

Accordingly, these processes caused the membrane, ionomer, cat-
alyst, and carbon support to age. During the degradation cycle, the
hydrogen flow rate was maintained at 251 sccm at the anode, and
the air flow rate was 997 sccm at the cathode. The total time for a
complete cycle was 5 min. Fig. 1 shows the detailed procedure and
the time of operation.

Specimen performance was characterized by a constant voltage
scanning method, which began from OCV to 0.3 V. The scanning
rate of change was 0.025 V step−1, the velocity rate of change was
30 s step−1, and the recording frequency was 3 s point−1. Three
scans were performed for each measurement. This study used the
trimmean function to remove 20% of the extreme values and then
retrieved the average of the resulting values.

The operating conditions of polarization measurement were
80 ◦C, RH 100%, 500 sccm hydrogen flow rate, and 1250 sccm air
flow rate. No back pressure was used during the experiment.
The operation conditions for AC impedance measurement were
the same as those for polarization measurement. AC impedances
were measured the current density loadings of 100, 200, and
500 mA cm−2. The scanned frequency range was 10k–0.1 Hz, and
the amplitude was 5% of the current loading. The measurements
were repeated three times for each load condition.

The following operating conditions were used for the elec-
trochemical analysis. The gas fed to the anode was 500 sccm of
hydrogen humidified to RH 100%. The anode served as both the

counter electrode and the reference electrode. Humidified nitro-
gen at RH 100% was supplied at the cathode (working electrode).
The scanning speed of the cyclic voltammetry (CV) method was
50 mV s−1, the sampling speed was 1 mV point−1, and the scanning
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Fig. 2. Polarization curve during the accelerated degradation process.

ange was approximately 0–0.8 V. The scanning range was adjusted
fter membrane breakage. The scanning speed of the linear sweep
oltammetry (LSV) method was 1 mV s−1, and the other operating
onditions were the same as those of the CV method.

The supply gases in the activation, polarization tests, accelerated
egradation process, AC impedance, and electrochemical analysis
ere provided by the same system, FC 5100 (CHINO Corporation,

apan), which also performed the measurements in each of these
tages. The electrochemical analysis used CHI 1127A (CH Instru-
ents, Inc., USA). The electrochemical surface area (ESA) in a CV
easurement was calculated as follows [18]:

SA = 100000 × Ad

C × m × v
(2)

d =
∫ 0.4

0.05

(i − iDL)dV (3)

The ESA in Eq. (2) is measured in m2 g−1, where Ad is the integral
rea of the hydrogen absorption peak (units of AV), c is the coeffi-
ient of hydrogen absorbed by platinum (value of 0.21 mC cm−2),

is the amount of platinum at the cathode (units of mg), and v is
he scanning speed of the CV method (units of mV s−1) [18]. The
ntegral area for the hydrogen absorption peak is computed in Eq.
3), where i represents the measured current, and iDL is the current
aused by electrode double-layer charging. The range of integra-
ion was initially between 0.05 and 0.4 V and was adjusted after
he membrane breakage.

In the aging analysis, the AC impedance was curve-fitted with
View software, and the polarization curve was curve-fitted to the
ollowing equation [19]:

= V0 − b · log(i) − i · Rohm (4)

here V0 is defined as:

0 = Vtheor + b · log(i0) (5)

. Results and discussion

.1. Analysis of the polarization curve and AC impedance
Fig. 2 shows the polarization curve both before and after
he accelerated degradation process. The 0.6 V current density
ecreased about 64% from the beginning to the end of aging pro-
ess (from 0.553 A cm−2 to 0.207 W cm−2). In Fig. 2, the slope of
he ohmic polarization zone during the 160th cycle is roughly the
Fig. 3. A schematic of creep deformation.

same as that of the initial ohmic polarization zone at zero cycles.
This indicates that the aging between the 0 and 160th cycles is
mainly caused by the aggregation and the grain growth of catalytic
particles. The phenomenon results in a smaller electrochemistry
activation area or even a loss of catalyst activity. From 160th cycle to
640th cycle, the slope of the ohmic polarization zone was observed
to be steeper than the initial condition.

The resistance of the ohmic polarization zone can be segregated
into ion resistance, electron resistance, and interfacial contact resis-
tance. The steeper slope of the aforementioned ohmic polarization
zone indicates an increase of these resistances. The phenomenon
of increasing ion resistance can result from a break of the side
chain or the loss of a sulfonic acid group, both of which can occur
on the catalyst layer or the membrane due to their high local
temperatures. The increasing electron resistance results from car-
bon corrosion, whereas the increasing interfacial contact resistance
results from creep deformation induced by the wet-and-dry cycle.
Fig. 3 shows a schematic of the creep deformation. Creep defor-
mation is the main reason that ohmic resistance rapidly increased
after 640th cycle. Creep deformation is the special degradation
mechanism of a non-homogeneous membrane, such as a PN mem-
brane, in this study. A Nafion MEA should be free (or have minimal
amounts) of creep deformation. Electrochemical analysis demon-
strated that the transition zone from minor to major membrane
breakage occurs between the 640th and 840th cycles. The 0.6 V
current density of the decay rate of an accelerated degradation
process was calculated by a linear regression analysis. The rates
of 0.6 V current density decay were 0.391 mA cm−2 cycle−1 (before
membrane breakage, 0–520th cycles) and 0.638 mA cm−2 cycle−1
(after membrane breakage, 880–1040th cycles). Membrane break-
age has a crucial effect on MEA performance; therefore, the failure
of fuel cells can be primarily attributed to membrane breakage.
The most important consequences of membrane failure are safety
issues, especially for stacks.
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membrane breakage, indicating that carbon corrosion contributed
less to the aging of MEAs than did the other aging mechanisms
ig. 4. AC impedance diagram during the accelerated degradation process under
00 mA cm−2 (a), 200 mA cm−2 (b), and 500 mA cm−2 (c) discharge.

It is notable that the charge transfer semicircle of AC impedance
epends upon the value of overpotential (i.e., the driving force),
specially when the range of potential varies between different
olarization zones [20].

The AC impedances of current density loadings of 100, 200, and
00 mA cm−2 were analyzed and are shown in Fig. 4. The charge

ransfer semicircles all increased except during the 1040th cycles
f Fig. 4(a) and (b), which indicates that the accelerated degradation
rocess degrades the catalyst or ionomer.
rces 196 (2011) 1818–1825 1821

The charge transfer semi circles, except the 1040th cycles of
Fig. 4(a) and (b), are all in the activation polarization zone at
100 mA cm−2 or 200 mA cm−2. Compared to the other cycles, the
1040th cycles in Fig. 4(a) and (b) performance poorly, which led
them to fall into the ohmic polarization zone, with reduced charge
transfer resistance. All cycles in Fig. 4(c) belong to the ohmic polar-
ization zone, and the high-frequency resistance increasing with the
increasing cycle number implies that ohmic resistance increases
with the aging process. There appeared to be no appreciable devia-
tion of high-frequency resistance between the 160th cycle and the
initial value demonstrated in Fig. 4. The 160th cycle charge transfer
is slightly enlarged when the current density is 100 mA cm−2. How-
ever, the resistance in the high-frequency range remains constant.
This result conforms to the prediction of the polarization curve,
where the catalyst aging mainly occurs before the 160th cycle,
after which, creep deformation occurs. During creep deformation
and before membrane breakage (160–640th cycles), ohmic slope
(0.65–0.55 V) increased about 0.110 � cm2, and high frequency
resistance (1 kHz) increased about 0.058 � cm2. The difference
between the slope of the ohmic polarization zone and high fre-
quency resistance is caused by the proton resistance of the catalyst
layer; activation polarization may have slightly affected the slope
of the ohmic polarization zone.

3.2. Analysis of electrochemistry

Fig. 5(a) and (b) shows the test results of CV and LSV, respec-
tively. The peak voltage of hydrogen absorption decreases from
0.309 V (0 cycles) to 0.291 V (520 cycles) as the performance
degrades, whereas the value of peak voltage increases after mem-
brane breakage (880–1040th cycles). This deviates notably from the
theoretical potential, which may result from the failure of the insu-
lating effect between the anode and cathode gases after membrane
breakage and thus from mixed potential at both sides. In Fig. 5(b),
iloss is the sum of hydrogen crossover current and short-circuit cur-
rent as defined in Eq. (6) [19]. The accelerated degradation process
in every cycle of Fig. 5(b) eventually reaches a plateau at high volt-
age; therefore, no noticeable short-circuit condition is found in the
MEA. The membrane itself is a poor electronic conductor; there-
fore, the iloss found in this study is concluded to be the hydrogen
crossover

iloss = icrossover + ishort (6)

Fig. 6(a) shows the correlation between ESA and iloss. ESA was
calculated from the CV test using Eq. (2). Fig. 6(a) indicates that ESA
decreased from 40.514 m2 g−1

pt (0 cycles) to 27.524 m2 g−1
pt (520th

cycle). The three boundary phase losses caused the ESA decrease,
which resulted from the aging of the catalyst layer, including car-
bon corrosion and ionomer decomposition. Linear regression gives
a decrease rate of 0.024 m2 g−1

pt cycle−1, and the decrease rate after

membrane breakage (0.116 m2 g−1
pt cycle−1) is roughly five times

greater than before membrane breakage. It is highly likely that
membrane breakage (880–1040th cycles) encouraged the aging of
the MEA by the combustion effect. This effect was caused by the
mixture of hydrogen and air on the catalyst, which contributed
to the higher rate of decrease. In reality, the value of the ESA
approached zero when the experiment ended, and MEA perfor-
mance was about 50% of its original value. Thus, we presume that
CV is not applicable in this analysis after membrane breakage. In
addition, the electrode double layer had nearly a 5% increase before
before membrane breakage. Although the electrode double layer
increase was larger after membrane breakage, its effect was still
considered to be minor. Nevertheless, the electrode double layer
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ig. 5. CV (a) and LSV (b) diagram during the accelerated degradation process.

ncrease may also be caused by mixing gases or mixed potential
ffects after membrane breakage. Therefore, we do not believe that
arbon corrosion is a key factor throughout the process.

Fig. 6(b) represents the relationship between the OCV and iloss.
he OCV decreased from 0.925 V (0 cycles) to 0.907 V (520th cycle)
efore membrane breakage; this was caused by catalyst aging. Lin-
ar regression analysis gives the rate of decrease as 31 �V cycle−1.
fter membrane breakage (880–1040th cycles), the aging of MEA
as furthered by the increased possibility of a combustion reac-

ion, causing the OCV to greatly decrease (a decrease rate of
26 �V cycle−1, over eight times greater than before the mem-
rane damage). There was a slight increase of iloss before membrane
reakage (0–520th cycles) due to the membrane thinning effect by
he hydroxyl produced from the side reaction and by H2O2. The
loss increase rate was 0.231 �A cm−2 cycle−1. The combustion after

embrane breakage also remarkably raised the iloss increase rate
o 191.937 �A cm−2 cycle−1, which is 830 times the value before

embrane breakage.

.3. Aging analysis
The experimental results of the accelerated degradation tests
ere curve-fitted using FCView and calculated by Eq. (4). The

esults of V0, Tafel slope b, and internal resistance R are plotted
n Fig. 7(a–c), respectively. Fig. 7(a) shows that V0 decayed with
Fig. 6. ESA against iloss (a) and OCV against iloss (b) diagram during the accelerated
degradation process.

the accelerated aging process, but the rate of decay varied greatly
before and after membrane breakage. Fig. 7(b) also demonstrates
that b increased with the aging process, which implies the degra-
dation of the catalyst. The decrease of V0 and the increase of b
correspond to the polarization curves. The major factor suggest-
ing aging before 160 cycles is catalyst degradation, whereas the
key factor of performance decay after 160 cycles is creep defor-
mation. The study also showed that b decreased after membrane
breakage, implying a significant increase of catalyst activity. A cat-
alyst activity increase during the accelerated degradation test is
not physically reasonable; therefore, the equation is not applicable
after membrane breakage. The aforementioned V0 is also a function
of b; consequently, we must modify the fitted equation of V0 after
membrane breakage.

Fig. 7(c) shows the internal resistance R increasing with the
accelerated degradation process. Similarly, the increase rate of R is
notably larger after membrane breakage. The increase of R is caused
by a higher combustion reaction probability. The severe break of
the side chain and loss of the sulfonic acid group were caused
by the local high temperature in the combustion reaction. This
explains the increase of R after membrane breakage, whereas the R
increase can be attributed to lower ion conductivity, higher electron
resistance, and higher interfacial contact resistance. As mentioned
earlier, carbon corrosion is not significant to this accelerated degra-

dation process. Ion conductivity was mainly changed by the break
of the side chain and loss of the sulfonic acid group from the mem-
brane and ionomer-on-catalyst layers, whereas interfacial contact
resistance was caused by the creep deformation effect from the
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ig. 7. V0 (a), Tafel slope (b), and R (c) change during the accelerated degradation
rocess.

ry–wet cycle. There was no obvious increase of R prior to 160
ycles, which again confirms that catalyst degradation is a major
ause of MEA aging before 160 cycles.

Fig. 8 shows the variation of OCV, performance, Rohm, and
charge transfer with cycle number. As seen in Fig. 8(a), the OCV

ecreases by approximately 2% and 10% before and after membrane
reakage. These results suggest that the degradation of the catalyst

ayer does not strongly influence OCV; thus, the membrane condi-
ion (iloss) controls OCV. Fig. 8(a) shows that the decay magnitudes
efore and after the accelerated degradation process are very dif-
Fig. 8. Relative value of OCV and performance of different voltage (a), relative Rohm

(b), and relative Rcharge transfer (c) during the accelerated degradation process.

ferent under different operation voltages. These findings conform
to the predictions of Eq. (7) and (8), which infer that the influence
of iloss on the system is less under lower operating voltages [21].

( )

V = V0 − b log

i + iloss

i0
− iRi (7)

V0 = Vtheor − b log
(

iloss

i0

)
(8)
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Table 1
MEA aging conditions.

Cycle Relative Rohm at
500 mA cm−2 (%)

Relative performance
calculated by Rohm (%)

Relative ESA (%) Relative performance
at 0.6 V (%)

Relative Performance
at 0.3 V (%)

520 124.3 80.4 67.9
1080 185.4 53.9 9.3
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ig. 9. Relative performance and relative ESA during the accelerated degradation
rocess.

The above equations indicate a sudden drop of OCV due to
n abrupt increase of iloss. AC impedance is curve-fitted in the
quivalent circuit in Fig. 8(b)–(c), and the corresponding Rohm
nd Rcharge transfer results are also shown. Before membrane break-
ge, Rohm and Rcharge transfer increased with accelerated degradation
ycles, and the increase rate of Rohm accelerated after membrane
reakage. The polarization curve and AC impedance analysis give
he same prediction. The electrochemistry-related Rcharge transfer
ariability may contribute to the combustion reaction and mixed
otential, which cause electrochemical reaction instability after
embrane breakage. The relative Rohm, ESA, and performance

efore membrane breakage and termination of the experiment are
isted in Table 1. The relative performances at 0.6 V and 0.3 V before

embrane breakage were 62.7% and 84.8%, respectively, whereas
he relative ESA and calculated relative performance (with the use
f Rohm, Rohm

−1) were 67.9% and 80.4%, respectively. The 0.6 V case
hares a similar result with the ESA case because the 0.6 V case was
ore likely to be affected by the active polarization than was the

ase of ohmic polarization. However, the 0.3 V case was influenced
ore by the ohmic polarization than was the active polarization.

he ESA inaccuracy caused by the mixed potential after membrane
reakage also caused a mismatch between the relative performance
f 0.6 V and relative ESA. However, the relative performance of 0.3 V
till matched its relative Rohm. The correlation between relative per-
ormances and relative ESA is illustrated in Fig. 9. Ultimately, we
an make an estimation of the degree of MEA degradation by the
hange of Rohm. Because the value of Rohm is close to the value of
igh-frequency impedance, the MEA condition can also be judged
y the high-frequency resistance in this study.
. Conclusion

We conclude that the major factor for MEA aging during this
tage is catalyst degeneration based on its occurrence before the

[
[

[

62.7 84.8
39.8 54.2

160th cycle of the following: (i) the high frequency resistance of
AC impedance was almost constant; (ii) the slope of the polariza-
tion curve in the ohmic polarization zone was unvaried; and (iii)
the short-circuit current remained constant from the LSV result
(only ESA decreased). Between the 160 and 520th cycles, LSV did
not change, whereas ESA decreased. The slope of the ohmic polar-
ization zone and the high-frequency resistance of AC impedance
both indicated an increase of resistance. Thus, the major aging fac-
tor in this stage was ion conductivity loss, which could be due
to creep deformation by the dry–wet cycle or the loss of the sul-
fonic acid group, with ESA as a secondary factor. The percentage
of performance decay under 0.6 V is approximately the same as in
the ESA case, whereas the decay under 0.3 V is roughly equal to
that in the Rohm case. Subsequently, the membrane showed minor
breakage and cracks, and complete membrane breakage occurred
during the 880th cycle. An equation without iloss correction can no
longer precisely describe the cell condition after membrane break-
age. The mixed potential created serious errors of ESA, meaning
that the ESA decay percentage cannot represent MEA degener-
acy. However, the percentage increase of Rohm remains close to
the performance decay under 0.3 V. A preliminary understanding
of MEA can be obtained through the change of high-frequency
resistance.

After membrane breakage, the combustion reaction remark-
ably increased the aging rate of performance. In conclusion,
membrane breakage is the major factor causing the failure of
MEA.
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