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a  b  s  t  r  a  c  t

We  propose  a method  to investigate  the  degradation  of metallic  bipolar  plates  (BPPs)  synchronously  in
real  and  simulated  environments  of PEM  fuel cells.  In order  to eliminate  the  uncertainty  factor  of  cell
performance  resulting  from  the  degradation  of  the polymer  membrane,  a simulated  PEMFC  environment
separated  from  the  cell system  was  created,  and  the  results  from  real and  simulated  environments  can
be directly  compared.  All  of the BPPs  aged  in real operation  and  in a simulated  environment  are  used
to  assemble  single  cells with  the  same  fabricating  and  activating  conditions.  Based  on  the  fitting  results
for the  polarization  curves  of  single  cells,  the  cell ohmic  resistance  (R)  shows  a tendency  to linearly
increase  with  time,  and  the  increasing  rate  in the  simulated  environment  is higher  than  that  in  real
otentiodynamic polarization
nterfacial contact resistance

operation.  Moreover,  the surface  morphologies  and  corrosion  behaviors  of the  BPPs  having  undergone  real
or  simulated  tests  are examined.  The  results  indicate  that  the  simulated  environment  causes  more  severe
degradation  of  BPPs  than  the  real situation.  Therefore,  the  temporal  evolution  in  the  surface  conductivity
of  BPPs  is  also explored,  to evaluate  the effect  of  interfacial  contact  resistance  on  the  degradation  of cell
performance.  This  study  can  provide  a  reference  method  for the preliminary  evaluation  and  design  of
metallic BPPs.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The urgent problems of global warming and fossil fuel exhaus-
ion have been the most important world energy issues in the
ast decades. The demand for energy is increasing dramatically
ith industrial development and is causing an energy revolution

y requiring alternative energy sources and changes in lifestyle.
ecause of the desirable characteristics of polymer electrolyte

embrane fuel cells (PEMFCs), such as high energy conversion

fficiency, very low chemical and acoustical pollution rates, and
emarkable performance in the application of vehicle power, these
aterials are expected to play a major role in energy systems in

∗ Corresponding author at: Electrochemical Microfabrication Lab, Department of
hemical and Materials Engineering, Chung Cheng Institute of Technology, National
efense University, Ta-His, Tao-Yuan 335, Taiwan, ROC. Tel.: +886 3 3891716;

ax: +886 3 3892494.
E-mail address: mingderger@gmail.com (M.-D. Ger).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.09.032
industry and in our daily lives for the foreseeable future. In the
performance studies of fuel cell operation, most of the previous
research has focused on the degradation of membrane electrode
assemblies (MEAs) [1–5]. However, bipolar plates (BPPs) as a mul-
tifunctional component with great influence on cell performance
are also one of the most important parts in PEMFCs. Convention-
ally, graphite bipolar plates have accounted for approximately
80% of the total weight and 45% of the stack cost, which is one of
the major troubles for the commercialization of PEMFCs. Metallic
materials have been considered an alternative to graphite because
of their malleability and superior mechanical properties, allowing
designs of a smaller and thinner stack to reduce the weight and
volume of fuel cells [6–11]. The main challenge for metal BPPs
is that passive oxides, which would develop on the surfaces and
protect metals against the progression of corrosion, cause the
undesirable effects of raising the surface contact resistance and

reducing the cell performance [7–10]. In addition, metal BPPs were
prone to dissolution in an acidic (pH 2–3) and humid environment
at temperatures around 80 ◦C (the PEMFC system environment).
The dissolved metal ions may  poison the MEA  and deteriorate

dx.doi.org/10.1016/j.jpowsour.2011.09.032
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:mingderger@gmail.com
dx.doi.org/10.1016/j.jpowsour.2011.09.032
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Fig. 1. A schematic diagram of the experimental apparatus and its equivalent circuit.
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lates the simulated environments with an operational PEMFC.
This technique offers three advantages to the conventional
experiment. First, the metallic BPPs in the simulated environ-
ment were separated from the real cell operation to avoid the
he performance of fuel cells. It is essential to understand the
egradation phenomena for metallic BPPs in real and simulated
nvironments in order to modify their characteristics and elevate
he durability and lifetime of PEM fuel cells. Therefore, this work
xpands an investigation method for studying the performance
egradation of metallic BPPs synchronously in real and simulated
nvironments.

Thus far, many experiments on the performance of metallic
PPs using in situ and ex situ methods have been carried out and
ublished [12–17].  For in situ test methods, Makkus et al. per-
ormed a long-term durability test (approximately 7000 h) and

easured the change of the interfacial contact resistance between
PPs and gas diffusion layers (GDLs) [12]. The method has been
xtensively adopted as an in situ technique to evaluate the per-
ormance of metallic BPPs. Hodgson et al. executed a long-term
8000 h) performance test of a single cell fabricated with special

etallic BPPs, which were coated with FC5 materials produced by
he ICI Company [13]. Moreover, Wind et al. analyzed the amounts
f metal ions dissolved from the metallic BPPs and contaminat-
ng the MEA  surface to evaluate the durability of metallic BPPs
14]. For ex situ test methods, Wang et al. suggested a simulated
EMFC environment with a solution of 1 M H2SO4 + 2 ppm HF at
0 ◦C, bubbled with hydrogen on the anode and oxygen on the cath-
de [15]. The experiment was performed on four stainless steel
pecimens to investigate their corrosion resistance and interfacial
ontact resistance. Also, Lafront et al. carried out a similar ex situ
xperiment on stainless steel and Zr75Ti25 alloys using an electro-
hemical noise test after immersing the metallic BPPs in a simulated
EMFC environment (12.5 ppm H2SO4 + 2 ppm HF at 80 ◦C) for 3 h
16]. Additionally, Wang et al. operated the corrosion test of BPPs
n a simulated PEMFC environment (0.5 M sulfuric acid solution) at
0 ◦C for 5000 h, and then performed the ex situ experiment using

he open-circuit potential, AC impedance, and inductively coupled
lasma optical emission spectrometry (ICP-OES) to analyze the cor-
osion resistance and amounts of metal ions dissolved from metallic
PPs [17].
As  described above, the performance of metallic bipolar plates
is usually examined in a real cell operation (in situ) or in a
simulated environment (ex situ) independently, and most of the
published research focuses on the surface corrosive behaviors
and the ultimate conditions of metallic BPPs. Until now, there
has been no literature published that synchronously investigated
and discussed the relationship between the degradation of metal-
lic BPPs in real and simulated environments. For this reason,
we made the effort to design a testing apparatus that corre-
Fig. 2. An Al-alloy bipolar plate with a flow-field pattern and the SEM topography
at  the bottom of flow field.
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Fig. 3. The measurement setup for interfacial contact resistance.

nteraction between the BPPs and the membrane. Hence, the
ncertainty in the amount of performance degradation that is
ttributable to the polymer membrane or to the metallic BPPs can
e eliminated. Secondly, the simulated environment was oper-
ted synchronously with the real PEMFC. The temporal variation
f the BPP’s surface could be investigated without taking the
EMFC apart. Finally, these specimens in the simulated environ-
ent can easily be examined at any aging time, using various

nstruments.
The degradation of BPPs could be explored in a shorter amount

f time by running the simulated and real-cell tests synchronously,
nd the experimental results would be more precise than those
f conventional simulation methods. Moreover, this synchronous
esting method can be employed extensively for the degrada-
ion investigation of many metallic BPPs, although only Al-alloy
052 was used as the example material for the BPPs in this
tudy.

. Experiments

.1. Experimental setup and components

The schematic diagram of this experimental apparatus and its
quivalent circuit, which connected the simulated environment
ith a real operation PEMFC, are shown in Fig. 1. The total resistance

s composed of Ranode, Rcathode, and RMEA.
For this electric circuit, the resistance can be expressed as

total = Ranode + Rcathode + RMEA (1)
here Ranode and Rcathode are the resistances, including the intrin-
ic resistance of BPPs and the contact resistance between BPP and
EA at the anode and cathode, respectively. The MEA  is consid-

red a whole unit in the fuel cell, and RMEA is its resistance under

able 1
he fitting parameters for the I–V curves of 5052 Al-alloy BPPs aged under various experi

Specimens (BPPs) Aging time (h) EO (V) b (V dec−1) R

Raw materials – 0.806 0.032 0

Under  real
operation

15 0.78 0.027 0
30  0.827 0.023 0
50  0.78 0.031 0

100  0.81 0.023 0

Under  simulated
environment

15 0.872 0.029 0
30  0.831 0.025 0
50 0.825 0.027 0

100  0.845 0.032 0
Fig. 4. The I–V curves of single cells assembled with the Al-alloy BPPs having under-
gone (a) simulated testing and (b) real operation.

the real PEMFC operation. The resistance of the proton exchange
membrane is an uncertain parameter within the PEMFC because
of the performance reduction factors for membrane degradation
and the poisonous behavior of metal ions dissolved from metallic
BPPs. Moreover, the main degradation factors attributed to BPPs
or the proton exchange membrane are not easy to identify. There-
fore, a whole resistance unit, RMEA, is adopted to substitute for the
membrane or electrolyte resistance in the equivalent circuit.
The single PEMFC in this study was manufactured with a com-
mercial membrane electrode assembly (MEA), machined 5052
Al-alloy BPPs, and gas diffusion layers. The MEA  consisted of

ment conditions.

 (� cm2) m (mV) n (cm2 mA−1) Root mean square error

.013 0.0025 0.0511 0.009

.027 0.055 0.035 0.0008

.052 0.010 0.042 0.017

.070 0.029 0.1367 0.007

.107 0.040 0.055 0.0019

.038 0.0517 0.026 0.018

.061 0.0084 0.0502 0.001

.079 0.00308 0.019 0.008

.232 0.007 0.018 0.017
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ig. 5. Fitting of the original polarization curve for the single cell with raw Al-alloy
PPs.

afion 112 membranes and Toray paper with a catalyst loading
f 0.2 mg  cm−2 on the anode and 0.4 mg  cm−2 on the cathode elec-
rode. An Al-alloy BPP, machined with single serpentine flow-field
ith an active area of 25 cm2 is shown in Fig. 2, and the SEM topog-

aphy at the bottom of the flow-field in the BPP was inserted in this
gure.

While the single cell mentioned above was operated, the reac-
ion gases were introduced to the cell, and the hydrogen gas was
xidized to H+ ions and electrons at the anode side. The reaction at
he negative electrode is given by

H2 → 4H+ + 4e− (2)

Moreover, hydrogen ions were transported to the cathode side
nd reacted with the oxygen gas. The reaction at the positive elec-
rode is given by

2 + 4e− + 4H+ → 2H2O (3)

The liquid produced by the electrochemical reaction in the sin-
le cell and the excessive reaction gases were introduced into the
eakers, which contained the basic solution for the simulated envi-
onment.

The solution in the beakers was mixed with 12.5 ppm sulfuric
cid and initially set at approximately pH 6.5. Specimens of the
l-alloy BPPs were immersed in the solution with bubbling hydro-
en at the anode side (104 sccm) and oxygen at the cathode side
70 sccm). The simulated solutions in the beakers and the real fuel
ell were controlled at the same temperature of 343 K. Moreover,
he electrodes of bipolar plates were connected to the collectors of
he single cell using electrical wires. The electrons can drift from the
node side to the cathode side, and the reduction reaction of oxygen
ccurs while the electric charges are transported via the external
ircuit and the salt bridge. Based on the experimental setup, this
ovel method takes into account the mass transport effects, which
iffers from conventional methods.

.2. Assembly (single cell) tests and surface characterization of
ipolar plates

All of the bipolar plates aged in both real operation and in a sim-
lated environment for 15, 30, 50, and 100 h are used to assemble
he single cells with the same fabricating and activating conditions.

 compaction force of 200 N was evenly loaded on every bolt to

ssemble the components of the single PEM cell. Prior to the cell
peration, nitrogen was used to purge the cell of residual gases.
he as-built single cells were operated at 343 K under ambient
ressure. Pure hydrogen and oxygen were used as reactant gases
Fig. 6. Values of ohmic resistance, derived from the fitting model for (a) real and (b)
simulated conditions, as a function of BPP aging time.

at the anode and cathode sides with the flow rates of 104 sccm
and 70 sccm, respectively. Moreover, cell voltages as a function of
current density for the tested single cells were measured in the
operation region, and then the recorded curves were fitted with a
suitable mathematical model.

In addition, the surface morphologies and compositions of the
bipolar plates, aged in real operation and a simulated environment
for various amounts of time, were examined using scanning elec-
tron microscopy (SEM) with X-ray energy dispersive spectrometry
(EDS).

2.3. Electrochemical test

Potentiodynamic polarization was employed to analyze the
corrosion resistance of Al-alloy BPPs precorroded (aging) in real
operation and a simulated environment for 15, 30, 50 and 100 h
(aging time). The tests implemented an Autolab electrochemical
interface, and the data were analyzed with Geps software. A satu-

rated calomel electrode (SCE) was  used as a reference to measure
the potential across the electrochemical interface. The tests were
carried out by sweeping a potential range from −0.8 V to −0.1 V
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ig. 7. SEM surface micrographs of the BPPs operated under the experimental setu
athode side in the simulated environment; (d) anode side in the simulated environ

ith a scanning rate of 0.5 mV  s−1 in a 0.5 M H2SO4 solution without
urging any gases at room temperature.

.4. Interfacial contact resistance (ICR) measurement

The measurement method for interfacial contact resistance
etween the Al-alloy BPPs and GDL is illustrated in Fig. 3, which is
imilar to previous studies [18]. The measured total resistance (RT1)
s composed of the resistances of Al BPPs (RAl), two  GDLs (2RGDL),
wo copper plates (2RCu), and four interfacial components—two
ipolar plate/carbon paper (2RGDL/Al) and two carbon paper/copper
late (2RCu/GDL) interfaces. RT1 is expressed as follows:

T1 = 2RCu + 2RCu/GDL + 2RGDL + 2RGDL/Al + RAl (4)

Eq. (5) gives the resistance (RT2) when one carbon paper is placed
etween two copper plates without bipolar plates. The resistance
f the GDLs could be neglected because the bulk resistance of GDLs
s very small, and then the interfacial contact resistance between
ipolar plate and GDL can be calculated by subtracting those values
rom the total resistance (RT1) measured with the metal bipolar
late in place (listed in Eq. (6)).

T2 = 2RCu + 2RCu/GDL + RGDL (5)

RGDL/Al = RT1 − RT2 − RAl (6)

. Results and discussion

The performance of single cells that were assembled with

oth of the BPPs aged in real or simulated environments
or 15, 30, 50 and 100 h, was tested using the polarization
open circuit voltage vs. current) technique, and the differ-
nce in cell performance between the BPPs undergoing real or
0 h: (a) cathode side in the real condition; (b) anode side in the real condition; (c)
.

simulated operation was also investigated in this study. More-
over, the change of the BPP’s characteristics with time was
studied by microstructure observation, electrochemical polariza-
tion, and interfacial contact resistance tests. The results and
accomplishment of this technique are described and discussed as
follows.

3.1. Cell performance and mathematical fitting

Fig. 4(a) and (b) shows the I–V curves of single cells assem-
bled with the Al-alloy BPPs having undergone simulated testing
and real operation, respectively, for various aging times. As pre-
sented in Fig. 4, the open circuit voltages (OCV) or performance of
all of the single cells at a low current density are almost equiv-
alent, but the voltage decreases with increasing current density.
The results also show that the cell performance dropped with
increasing aging time under both real and simulated conditions.
The degradation of cell performance mainly resulted from the
corrosion phenomenon and the formation of passive oxides on
the surface of BPPs. Oxide films developed on the surfaces would
decrease the efficiency of mass and electron transport and raise
the contact resistance between the BPP and the GDL. Thus, the cell
performance would drop with increasing aging time as a result
of oxide film thickening [19]. Moreover, the I–V curve slope for
30 h in a simulated environment, shown in Fig. 4(a), approximately
matches that for 50 h of real operation, shown in Fig. 4(b). This
result indicated that the simulated PEMFC environment was  more
stringent than the real operation condition, and this experimen-

tal method can be utilized for accelerated aging (test) of metallic
BPPs.

Kim et al. developed a mathematical model for polarization (I–V)
curves in PEMFCs with an empirical equation [20], given here in
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ig. 8. Polarization curves of the Al alloy BPPs aged in simulated (a) anode or (b)
athode environments for various times, measured in a 0.5 M H2SO4 solution.

q. (7),  to point out the relationship between the single cell perfor-
ances and various parameters:

 = Eo − b log(i) − Ri − m exp(ni) (7)

he term Eo is an electrode kinetic parameter, b is the Tafel param-
ter, and R represents the ohmic resistance that causes a linear
ariation of E with i. The values of m and n depend on the physic-
chemical parameters of the system, such as temperature and
ressure. The final term on the right side of Eq. (7) takes the mass
ransfer effect into consideration.

The initial I–V curve for the single cell assembled with raw Al-
lloy BPPs was fitted using this equation. The original data and
tting curve are shown in Fig. 5, in which the root-mean-square
rror was approximately 0.009, indicating that the fitting result is
ood and the data do follow the mathematical model. Moreover,
he polarization curves of the cells assembled with aged Al-alloy
PPs were also fitted, and the fitting parameters for every curve
re listed in Table 1.

The values of ohmic resistance (R) derived from the fitting
odel for real and simulated conditions as a function of the BPP’s

ging time are plotted in Fig. 6. As shown in the figure, the R val-
es increase linearly with increasing aging time under both real

nd simulated conditions. Therefore, it can be confirmed with this
athematical model that the degradation tendency of the BPPs

perated in a real cell is similar to that in the simulated PEMFC
nvironment.
Fig. 9. The ICRs of anode and cathode BPPs measured at the compaction pressure
of  200 N cm−2.

3.2. Corrosive behaviors of the metallic bipolar plates

The Al-alloy BPPs exposed to real or simulated environments
were used to assemble single cells. After cell performance tests,
the corrosive behaviors of the Al-alloy BPPs were examined using
SEM with EDS analyses. The SEM surface micrographs of the tested
bipolar plates, which were precorroded (aged) in real or simulated
conditions for 50 h, are shown in Fig. 7. As seen in Fig. 7(a) and
(c), large amounts of oxides developed on the cathode side of the
bipolar plates. In fact, the thickness of these oxide films increased
with increasing aging time owing to the high oxygen concentration
in the cathode condition. In contrast, the morphologies of the dis-
solving surface were observed in Fig. 7(b) and (d), indicating that
oxide films could not easily form on the anode side of the bipolar
plates where hydrogen flows in and oxygen is lacking. The results of
EDS analyses on the BPP surface revealed that the oxygen concen-
tration on the cathode side (54.5 at%) was much higher than that on
the anode side (10.78 at%). It was verified that the acid electrolyte
in typical PEM fuel cell atmospheres results in seriously corrosive
behavior, and a passive layer with large amounts of oxides easily
forms on the cathode surface of Al-alloy BPPs.

PEM fuel cells usually operate in the temperature range
of 70–100 ◦C to reach good performance. However, significant
amounts of metallic ions would be dissolved from BPPs and con-
taminate the proton exchange membranes while the cells operate
in this condition. Hence, the concentration of metal ions in fuel cells
is an important indicator to evaluate the performance of metal-
lic BPPs [17]. In order to estimate the contamination effect of the
Al ions dissociated from the Al-alloy BPP, the concentration of Al
ions in the simulated (beaker) solution was  measured using ICP-MS
after 50 h operation under the experimental setup. The concen-
trations of Al ions produced at the cathode and anode sides were
approximately 1.5 ppm and 35.2 ppm, respectively. The aluminum
ion concentration in the anode solution is higher than in the cath-
ode solution, indicating that the anode environment is more severe
than the cathode side. The ICP analysis is consistent with the results
of SEM with EDS. Therefore, surface modification of Al alloy BPPs is
needed to improve the performance of PEMFCs.

3.3. Corrosion resistance test
Fig. 8 shows the potentiodynamic polarization curves of the
Al-alloy BPPs, which were aged in simulated anode and cathode
environments for 15, 30, 50, and 100 h. The corrosion current
density of the Al alloy BPPs aged on the simulated anode side
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where hydrogen enters) is much larger than that on the cath-
de side (where oxygen enters) for various aging times. Obviously,
he results of the corrosion resistance test agree with the obser-
ation and analyses of the BPP’s surface made with SEM. In other
ords, the Al-alloy BPPs aged in the simulated cathode environ-
ent showed better corrosion resistance than those aged in the

node environment. This finding is attributed to the formation of an
xide layer on the surface of cathode BPPs, which reduces the cor-
osion rate because of the high oxygen concentration in the cathode
nvironment during the aging treatment. However, the corrosion
urrent density of Al alloy BPPs increased with increasing aging
ime for both the anode and cathode. It is indicated that the oxide
ayer that formed on the cathode BPPs was continuously corroded
r dissolved in the acidic electrolyte, and therefore, the anticorro-
ive performance of cathode BPPs would decline with increasing
ging time.

.4. Interfacial contact resistance (ICR)

The interfacial contact resistance between the Al-alloy BPPs and
DLs was measured under various compaction pressures, in which

he BPPs were aged in the simulated anode or cathode environ-
ents for 0, 15, 30, 50, and 100 h. In this experiment, the total

esistance contains four interfacial components and the resistances
f bulk materials, as mentioned in Section 2.4 [18]. Both the total
esistance and ICR values, measured in various aged Al-alloy BPPs,
ecrease noticeably with increasing compaction pressures when
he compaction pressure is lower than 50 N cm−2. At the pres-
ure range of 50–100 N cm−2, the ICR values decrease moderately
ith increasing compaction pressure. When the compaction pres-

ure is higher than 100 N cm−2, the change of contact resistance
ith compaction pressure becomes smoother. It is assumed that

he electric current flowing through the interfaces between the
ssembled components of fuel cells would increase with increasing
ompaction force as a result of enlarging contact areas of all com-
onents, and therefore, the total resistance and contact resistances
f all interfaces would decrease with increasing compaction force.

Moreover, the results of ICR measurements obtained at the com-
action pressure of 200 N cm−2 are shown in Fig. 9. It is evident
hat the interfacial contact resistance between the Al-alloy BPPs
nd GDLs increased with increasing precorroding (aging) time. The
CR values measured with the BPPs aged at the simulated cathode
nvironments were higher than those on the anode side because of
he thicker oxide film formed on the cathode BPPs. In summary, the

athode BPPs with oxide layers are more resistant to corrosion than
he anode BPPs, but the surface conductivity of the cathode BPPs is
nferior. The ICR results agree with the potentiodynamic polariza-
ion analyses and surface characterization on the aged BPPs.

[
[

[
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4. Conclusions

A novel technique was  proposed to investigate the degradation
of metallic bipolar plates on PEMFC performance. This method cre-
ated a simulated environment separated from the cell system to
avoid interaction between the BPPs and the polymer membrane
and exclude the degradation factor of membrane. Moreover, the
novel method is different from conventional in situ and ex situ
methods because it takes into account the mass transport effects
and implements synchronous operation with a real cell. Therefore,
the results examined in the simulated environment can be directly
compared with those in real operation. Regardless of whether
the Al-alloy BPPs were aged in real or simulated PEMFC envi-
ronments, all performance polarization curves of the single cells
assembled with these Al-alloy BPPs can be fitted well using the
mathematical model. It can be confirmed that the BPP degrada-
tion tendency could be explored in much less time by adopting this
method.
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