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a b s t r a c t

Electrochemical impedance spectroscopy (EIS) was employed for in situ diagnosis for polymer electrolyte
membrane fuel cells during operation. First, EIS was measured as a function of operation parameters
such as applied current density, gas flow rates and gas humidification temperature. The resistance that
vailable online 1 April 2010
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ipolar plates

correlated with conductivity of the membrane and the contact resistance between bipolar plate and gas
diffusion layer (GDL) was set as Rm in the assumed equivalent circuit. The charge transfer resistances
were considered for cathode (Rct(C)). The value of Rct(C) was sensitive to the parameters that affected
cell voltage. Additionally, the diffusion resistance (Rd) was ascribed to the effect of oxygen supply and
drainage of generated water. Second, the influence of corrosion of type 430 stainless steel bipolar plates
was evaluated by EIS method during operation. Corrosion of the stainless steel bipolar plates resulted in

f Rd.
EMFC an increase in the value o

. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are being
xpected as a clean power generation system for wide appli-
ations. For the best performance of PEMFC, it is necessary to
ptimize the operating conditions of the cells. The performance of
EMFC is usually evaluated by electrochemical techniques, such as
urrent–voltage measurement, cyclic voltammetry, electrochemi-
al impedance spectroscopy (EIS), and current interrupt methods.
mong them, EIS is considered as one of the most powerful

echniques, since it can distinguish kinetically different reaction
rocesses. Yuan et al. [1] reported EIS has already become a pri-
ary tool in PEMFC research. EIS method is also used effectively for

nalyses of the amount of catalysts [2–5], nafion content [3,6–8],
embrane thickness [9,10], GDL structure [11–19], proton con-

uctivity [20–26], humidification condition [3,9,27–30] and stack
24,31–36]. For example, Paganin et al. [2] and Song et al. [3]
uggested that charge transfer resistance is much smaller with
ncreasing amount of catalysts. Freire and Gonzalez [9] worked

n the influence of membrane thickness and humidification condi-
ions by the EIS method and reported that nafion membrane (117,
15, 1135 and 112) and their thickness (average size of 175, 125,
0 and 50 �m) influence charge transfer resistance and mass trans-
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fer resistance. In addition, the low-frequency region is due mainly
to the flooding of the cathode side. Yan et al. [35] investigated
impedance behavior of a 2 kW stack under different operating con-
ditions. They suggested the humidification of air and temperature
mainly influence the charge transfer resistance and flow rate of air
is related to the mass transfer resistance.

As for bipolar plates, metallic materials especially stainless
steels are under intensive examination as a promising alterna-
tive to carbon composites. Cho et al. [37] reported that mechanical
strength and cost of the carbon composite plates are necessary to
be improved. Thus, stainless steels have attracted wide attention
to substitute the carbonaceous bipolar plates [38–44]. However,
stainless steels could be readily corroded in the PEMFC environ-
ment because the SO4

2− and F− anions released from the membrane
polymer in the course of cell operation, leading to low pH. Conse-
quently, the corrosion induces higher contact resistance between
gas diffusion layer (GDL) and bipolar plates. In addition, Fe2+, Ni2+

and Cr3+ released from the corroded stainless steel bipolar plates
are also immobilized in the membrane, affecting detrimentally to
cell performance [40,45–47]. Thus, application of EIS to PEMFC with
metallic bipolar plates is necessary to establish a procedure for
diagnosis of cell performance, as reported by Ishibashi et al. [48].
To the best of our knowledge, no information is available on the

application of EIS focusing on corrosion of stainless steel bipolar
plates in the PEMFC environment.

In the present study, EIS measurements were performed to con-
firm the relation between EIS parameters and operation factors that
can affect the fuel cell performance using type 430 stainless steel

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:smyung@iwate-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2010.03.070
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Table 1
Chemical composition of the stainless steels (mass %).
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Type 430 0.036 0.23 0.60 16.15 Bal.

ipolar plates to investigate the phenomena in comparison with
raphite bipolar plates when corrosion takes place. Therefore, these
ipolar plates employing single cells were operated to understand
he corrosion of bipolar plates by means of EIS analysis.

. Experimental

.1. Specimen preparation

Plates of graphite and type 430 stainless steel
80 mm × 80 mm × 6 mm) were machined into bipolar plates
ith a serpentine flow field according to the NEDO report by JARI

49]. The chemical composition of the type 430 stainless steel is
escribed in Table 1. The electrode area was 50 mm × 50 mm. The
tainless steel surface was polished with a diamond paste polisher
f 6 �m and cleaned ultrasonically in hexane for 15 min. No further
retreatment was made for the bipolar plates.

.2. Single cell operation

A single cell was assembled from bipolar plates (graphite or type
30 stainless steel) and a commercially available MEA employing
arbon paper GDL with compressive force of 150 N cm−2. The typi-
al operation condition, unless otherwise stated, was as follows:
ell temperature of 348 K, humidification temperature for reac-
ant gases of 343 K, hydrogen flow rate of 0.124 normal liter per

inute (NLPM, 70% utilization at 0.5 A cm−2), air flow rate of 0.520
LPM (40% utilization of O2 at 0.5 A cm−2) and applied current den-

ity of 0.5 A cm−2. EIS data were collected in the frequency range
rom 15 kHz to 0.1 Hz with an applied amplitude of 4 mA cm−2

FC-200FA, CHINO) during cell operations. X-ray fluorescence (XRF,
hilips Magix PRO-S) was employed to quantify the MEA contami-
ation.

. Results and discussion

.1. Selection of an equivalent circuit

Fig. 1 shows the assumed equivalent circuit. The equivalent cir-
uit presented in Fig. 1 is referred from the literature by Yan et
l. [33,35] and Wagner et al. [50]. In addition, the conventional
ouble-layer capacitance is replaced by a constant phase element
CPE), based on Ciureaun’s report [51]. The Rm represents the sum of
esistive elements present in series such as electrolyte (membrane)
esistance. The Rct(C) describes charge transfer resistances for cath-

de, which is related to semicircles from high to medium frequency.
he Rd corresponds to diffusion resistance from the medium to
ow frequency which is affected by oxygen supply and drainage
f generated water. The resistance stemming from the anode side
d(A) was excluded from the equivalent circuit due to its negligible

Fig. 1. The equivalent circuit of the PEMFC.
Fig. 2. Influence of applied current density: cell voltage (a), impedance cole–cole
plots (b) and impedance parameters (c).

size, compared with that in the cathode side. It should be stated
Rct(A) < Rct(C) because the reaction rate of oxygen reduction is usu-
ally slower than that of hydrogen oxidation [36,52]. It is found that
the observed impedance spectrum fits well with the calculated one.

3.2. Influence of current density
Fig. 2 shows the initial i–V characteristic (Fig. 2a), the impedance
behavior (Fig. 2b) and relationship between the applied current
density and the calculated resistance components (Fig. 2c) from
the equivalent circuit for the graphite and type 430 stainless steel
bipolar plates employing single cells. As can be seen from Fig. 2a, the
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nitial cell voltage was approximately 0.97 V for the graphite bipo-
ar plates employing cell and 0.96 V for the type 430 stainless steel
nes at an open circuit state and it reached around 0.67 V for the
raphite bipolar plates employing cell and 0.62 V for the type 430
tainless steel one at 0.5 A cm−2. Cole–cole plots for both cells are
omposed of two semicircles, and the size of the main semicircle
ecomes smaller with increasing current density (Fig. 2b). Addi-
ional arc appeared in the low frequency when the current densities
ere higher than 0.3 A cm−2. The results are summarized in Fig. 2c.
asically, both cells exhibit the similar impedance behavior when
he applied current densities vary. Major difference that we found
s the Rm parameter. Graphite bipolar plate employing cell exhib-
ted the small and constant Rm value approximating to 88 m� cm2.
n the contrary, the Rm for the type 430 bipolar plate employing
ell appeared to be close to 250 m� cm2 at OCV and 208 m� cm2

t 0.5 A cm−2. The variation of the Rm seems to be related to the
peration voltage. As we previously reported [43–45,53], the dif-
erence in the operation voltage results from the difference in the
nterfacial contact resistance (ICR) between bipolar plate and GDL.
hat is, the lower the ICR, the higher the operation voltage. So
hat the lower ICR values for the graphite cell affects the lower
mpedance (Rm) with higher operation voltage. With increasing
urrent density, the value of Rct(C) decreased considerably. The
alue of Rct(C) was approximately 453 m� cm2 for graphite bipolar
late employing cell and 455 m� cm2 for type 430 stainless steel
ne at 0.1 A cm−2 and it reached around 213 m� cm2 for graphite
ipolar plate employing cell and 165 m� cm2 for type 430 stain-

ess steel one at 0.5 A cm−2. On the other hand, the value of Rd
ncreased gradually with increasing current density. The value of
d for both cells was approximately 35 m� cm2 at 0.1 A cm−2 and it
eached around 110 m� cm2 at 0.5 A cm−2. This is probably because
f the obstruction in supply of oxygen to the electrode surface or
n drainage of the generated water from the GDL at cathode side.

.3. Influence of hydrogen flow rate

Effect of flow rate of hydrogen or air on the cell performance
as evaluated by the EIS method. Fig. 3a shows the cell volt-

ges for graphite and type 430 stainless steel bipolar plates as a
unction of hydrogen flow rate. Note that both cells showed the
ighest voltage at a hydrogen flow rate of 0.124 NLPM by apply-

ng a constant current of 0.5 A cm−2, after which the cell voltages
ere almost constant regardless of the hydrogen flow rate. Fig. 3b

xhibits the resulting impedance spectra measured along with vari-
tion of hydrogen flow rate. The smaller ICR also led to the smaller
mpedance (Rm) for the graphite cell. It is clear that the impedance
pectra are independent on the variation of the hydrogen flow rate
or both cells. Fig. 3c shows the corresponding calculated resistance
arameters from Fig. 3b, based on the equivalent circuit. Similar to
he voltage variation shown in Fig. 3a, no significant changes in Rm,
ct(C) and Rd are observed with increasing the flow rate of hydro-
en, indicating that hydrogen flow rate does not seriously affect the
ell performance within the variation range evaluated here.

.4. Influence of air flow rate

Fig. 4a shows the measured cell voltages for graphite and type
30 stainless steel bipolar plates employing cells as a function of
ir flow rate. The cell voltages became higher with increasing air
ow rate. Cell voltage approximated to 0.66 V for graphite bipolar
late employing cell and 0.61 V for type 430 stainless steel one at

.35 NLPM, which corresponds to 70% of the utilization of air. The
oltage approximated to 0.71 V for graphite and 0.65 V for the type
30 stainless steel at 2.08 NLPM (10% of utilization). Obviously, the

ncreased amount of oxygen supply led to higher operation voltage.
owever, this is not always preferred because too fast flowing of
Fig. 3. Influence of hydrogen flow rate: cell voltage (a), impedance cole–cole plots
(b) and impedance parameters (c).

oxygen could cause damage to membrane and oxygen leakage dur-
ing cell operations. Fig. 4b shows the impedance spectra measured
under different air flow rates. The size of the arc appeared in the
low frequency tends to become smaller with increasing the air flow
rate. This would be because the oxygen concentration at the elec-
trode surface becomes higher and drainage of formed water from
the electrode surface and GDL is facilitated by the fast air flowing.
Fig. 4c shows the calculated values of resistive elements from the
equivalent circuit as a function of air flow rate. With increasing the
air flow rate, the values of the Rct(C) and the Rd decreased con-

siderably. The Rct(C) was approximately 230 m� cm2 for graphite
bipolar plate employing cell and 205 m� cm2 for type 430 stain-
less steel one at 0.35 NLPM and it reached around 100 m� cm2 for
graphite bipolar plate employing cell and 145 m� cm2 for type 430
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called “flooding”. In moisture poor state, on the other hand, pro-
ig. 4. Influence of air flow rate: cell voltage (a), impedance cole–cole plots (b) and
mpedance parameters (c).

tainless steel one at 2.08 NLPM. It is likely that the value of Rct(C)
s correlative with cell voltage and air flow rate. In addition, the
alue of Rd was approximately 263 m� cm2 for graphite bipolar
late employing cell and 145 m� cm2 for type 430 stainless steel
ne at 0.35 NLPM and it reached around 43 m� cm2 for graphite
ipolar plate employing cell and 15 m� cm2 for type 430 stainless
teel one at 2.08 NLPM. On the other hand, the value of the Rm

s slightly increased from 0.35 NLPM to 2.08 NLPM. Thus, the arc
ppeared in the low frequency should be attributed to diffusion

esistance in the cathode side. As mentioned above, it turned out
hat the diffusion resistance on the cathode side is clearly depen-
ent on the air flow rate and can be evaluated successfully by EIS.
enerally, utilization of air is 30–60% [49]. The condition of 0.520
Fig. 5. Influence of gas humidification temperature: cell voltage (a), impedance
cole–cole plots (b) and impedance parameters (c).

NLPM, which corresponds to 40% utilization of air, thus is employed
hereafter.

3.5. Influence of gas humidification temperature

The water management for the membrane is also important
for proper cell performance. If an excessive amount of moisture
is applied to a cell, the moisture would occupy the voids in GDL,
leading to degradation of cell performance. This phenomenon is
ton conductivity in membrane would be extinguished and this
causes poor cell performance, what is called “dryout”. These phe-
nomena give a detrimental effect to cell performance [52,54]. Thus,
the relationship between EIS and flooding or dryout which occurs
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ithin the membrane and GDL was investigated. Fig. 5a shows cell
oltage variation with the gas humidification temperature. As the
as humidification temperature increases, the resulting cell volt-
ge becomes higher. The cell voltage was 0.56 V for the graphite
ipolar plate employing cell and 0.54 V for the type 430 stainless
teel one at 323 K and it was raised to 0.68 V for graphite bipolar
late employing cell and 0.63 V for type 430 stainless steel one at
53 K. Fig. 5b shows the impedance spectra collected under dif-
erent gas humidification temperatures. The arc as a whole shifted
o the lower resistance direction in the real axis with increasing
he temperature for both bipolar plates, maintaining the shapes.
ig. 5c shows the calculated values of resistance from the equiv-
lent circuit. With increasing the gas humidification temperature,
owever, the Rm and Rct(C) values obviously decreased. The value
f Rm was approximately 193 m� cm2 for graphite bipolar plate
mploying cell and 328 m� cm2 for type 430 stainless steel one at
23 K and it reached around 75 m� cm2 for graphite bipolar plate
mploying cell and 213 m� cm2 for type 430 stainless steel one at
53 K. This is probably because the supplied moisture is filled in
he membrane and this, in turn, improves the proton conductivity.
he value of Rct(C) was approximately 288 m� cm2 for graphite
ell and 230 m� cm2 for type 430 stainless steel one at 323 K and
t reached around 220 m� cm2 for graphite bipolar plate employ-
ng cell and 113 m� cm2 for type 430 stainless steel one at 353 K.
s mentioned above, this is because the Rct(C) is correlative to the
ell voltage. On the other hand, the Rd increased from 323 to 353 K.
he value of Rd was approximately 88 m� cm2 for the graphite cell
nd 95 m� cm2 for the type 430 stainless steel one at 323 K and it
eached around 123 m� cm2 for the graphite cell and 180 m� cm2

or the type 430 stainless steel one at 353 K. It is most likely that the
igh Rm value at 323 K is caused by poor proton conductivity due to

ack of moisture in membrane, whereas the high Rd value at 353 K
s stemming from the water molecules stuck within GDL although
hey provide membrane with sufficient proton conductivity. It is
ossible to diagnose flooding or dryout phenomena by EIS giving
ffection to change in the Rd.

.6. Influence of corrosion on the stainless steel bipolar plates

From the practical point of view, stainless steels are attracting
ide attention as bipolar plate materials for PEMFCs [38–44]. Now,

he urgent problem is corrosion of stainless steel in the PEMFC
nvironment. EIS may allow one to diagnose the state of corro-
ion of stainless steel bipolar plates during operation of PEMFC.
orrosion products such as Fe2+, Ni2+ and Cr3+ may be released
rom the stainless steel bipolar plate and degrade cell performance,
eading to an increase in some of the independence parameters
Rm, Rct(C) and Rd). To confirm the expected phenomena, we inten-
ionally employed the type 430 stainless steel as a bipolar plate,
hich would be more readily corroded, compared with austenitic

tainless steels, namely, acceleration test to make a corrosion
tate. Fig. 6a shows cell voltage as a function of operation time.
he initial voltage was approximately 0.67 V for graphite bipolar
late employing cell and 0.64 V for type 430 stainless steel one at
.5 A cm−2 and it reached around 0.65 V for graphite bipolar plate
mploying cell and 0.58 V for type 430 stainless steel one after
36 h.

At the same time, impedance was measured with the cell opera-
ion. The metal ion like Fe2+ released from the stainless steel bipolar
lates can attack the membrane. Also, the Fe2+ can be oxidized to
e3+ and it may subsequently accumulate as Fe(OH)3 in the hole

f GDL. As a result, diffusion of the air in the cathode would be
onsequently obstructed by the deposited Fe(OH)3. This series of
he process would results in the gradual deterioration of cell per-
ormance for the type 430 stainless steel cell shown in Fig. 6a.
he resulting semicircles became larger for the type 430 stainless
Fig. 6. Influence of corrosion progress on type 430 stainless steel bipolar plates:
time variation of cell voltage (a), cole–cole plots (b) and impedance parameters (c).

steel cell in Fig. 6b, especially those for the diffusion resistance (Rd)
for the type 430 stainless steel employing cell. Meanwhile, there
appears almost no change in the operation voltage and impedance
spectra as well for the graphite employing cell in Fig. 6a and b. Sim-
ilarly to the graphite cell, the type 430 stainless steel employing
cell also exhibited almost no changes in the Rm and Rct(C) ingre-
dients in Fig. 6c. The value of Rm was approximately 105 m� cm2

for the graphite bipolar plate employing cell and 163 m� cm2 for
the type 430 stainless steel one in the initial state and it reached
around 103 m� cm2 for the graphite bipolar plate employing cell
and 170 m� cm2 for the type 430 stainless steel one after 336 h.

The value of Rct(C) was approximately 160 m� cm2 for the graphite
bipolar plate employing cell and 180 m� cm2 for type 430 stain-
less steel one at the initial state. After 336 h operation, the Rct(C)
value slightly increased for both cells. A striking feature for the
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ig. 7. Metallurgical microscopic images of the rib surfaces for type 430 stainless s
fter 336 h, and (d) cathode side after 336 h. The scale bar indicates 1 mm.

ell is the gradual increase in the Rd component for the type 430
tainless steel bipolar plate employing cell in Fig. 6c, which agrees
ell with the progressive increase in the Rd arc in Fig. 6b. For

xample, the Rd values were 65 m� cm2 for the graphite bipolar
late employing cell and 113 m� cm2 for the type 430 stainless
teel one before operation, and they became 80 m� cm2 for the
raphite bipolar plate employing cell and 158 m� cm2 for the type
30 stainless steel one after 336 h. The Rm is a parameter related
o proton conductivity or contact resistance between bipolar plate
nd GDL, implying that metallic ions were incorporated into the
embrane to lower the proton conductivity or deposited at the

nterface between GDL and bipolar plate to increase the ICR. The Rd
s a parameter related to oxygen supply or drainage of the gener-
ted water. As shown in Fig. 7, the type 430 stainless steel bipolar
lates were severely corroded in both cathode and anode parts.
his is a clear indicative that the movement of air or water could be
elayed due to the sediment of the corrosion products on the sur-

ace of bipolar plate or in the hole of GDL, resulting in an increase
f the Rd. As a result, it is believed that the Rd component ascribed
o the corrosion product on the surface of bipolar plates or in the
ole of GDL can be monitored by the EIS method.

ig. 8. XRF analysis of Fe/Pt atomic ratio in the MEA with operation time. Analyzed
rea was 78.50 mm2.
ipolar plates: (a) anode side after 168 h, (b) cathode side after 168 h, (c) anode side

Fig. 8 shows the atomic ratio of iron versus platinum in the MEA
by XRF for type 430 stainless steel bipolar plate employing cell.
The atomic ratio of iron versus platinum in the MEA was 0.002 for
the fresh MEA. After 168 h, however, it is surprising to note that
the atomic ratio of iron versus platinum in the MEA increases to
0.016 for the type 430 stainless steel bipolar plate employing cell.
The atomic ratio of iron versus platinum in the MEA is almost con-
stant from 168 to 336 h. Note that corrosion of the bipolar plate
occurs in the early state of cell operation. Again, considering that
Rm is not increased, it is suggested that iron ion is not likely taken
into membrane but deposited on the surface of bipolar plate by
forming corrosion product such as iron (oxy)hydroxides or iron
oxides.

In the present experiment, it is evident that the cell performance
was degraded due to the corrosion of the stainless steel bipolar
plates. The trouble in water drainage would be another cause to
lead the higher resistance. In this experiment, it turned out that the
Rd and corrosion of the stainless steel bipolar plate have correlation.
Taking the above results into consideration, the corrosion situation
of the stainless steel bipolar plates could be readily diagnosed by
EIS measurement.

4. Conclusions

It is concluded that the condition of PEMFC operation can be
diagnosed by EIS method. First, EIS was applied to the graphite and
type 430 stainless steel bipolar plates employing cell as a function of
current density, gas flow rates and gas humidification temperature.
Moreover, an equivalent circuit was assumed and evaluated. As a
result, the followings became clear. The resistance laid in series in
the equivalent circuit, Rm typically increased due to degradation of
membrane as appeared in a dry out state. It was obvious that cell
voltage was more dependent on the Rct(C). It was suggested that
the Rd corresponds to diffusion resistance for oxygen supply and
drainage of generated water in the cathode side.

Second, type 430 stainless steel bipolar plates employing cell

was operated for 336 h. The stainless steel bipolar plates were cor-
roded both in anode and cathode sides and the corrosion progressed
with operation time. At the same time, the effect of corrosion on
the cell performance was evaluated by EIS method. It is clear that
the value of Rm and Rct(C) was almost constant. On the other hand,
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he value of Rd increased with progress of corrosion of the bipolar
lates from 0 to 168 h. Considering that Rm was not increasing, the
orrosion of stainless steel bipolar plate is related to Rd. Accord-
ngly, EIS method is a useful tool to evaluate the cell performance
n terms of corrosion of bipolar plates.
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