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bstract

Diagnosis of stack performance is of importance to proton exchange membrane (PEM) fuel cell research. This paper presents the diagnostic
esting results of a 500 W Ballard Mark V PEM fuel cell stack with an active area of 280 cm2 by electrochemical impedance spectroscopy (EIS).
he EIS was measured using a combination of a FuelCon test station, a TDI loadbank, and a Solartron 1260 Impedance/Gain-Phase Analyzer
perating in the galvanostatic mode. The method described in this work can obtain the impedance spectra of fuel cells with a larger geometric
urface area and power, which are normally difficult to measure due to the limitations on commercial load banks operating at high currents. By using
his method, the effects of temperature, flow rate, and humidity on the stack impedance spectra were examined. The results of the electrochemical

mpedance analysis show that with increasing temperature, the charge transfer resistance decreases due to the slow oxygen reduction reaction
ORR) process at low temperature. If the stack is operated at a fixed air flow rate, a low frequency arc appears and grows with increasing current
ue to the shortage of air. The anode humidification cut-off does not affect the spectra compared to the cut-off for cathode humidification.

2006 Elsevier B.V. All rights reserved.
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. Introduction

There has been significant development in the potential use
f proton exchange membrane (PEM) fuel cells for residen-
ial applications and electric vehicles. The performance of PEM
uel cell systems depends on a complex group of parameters.
he most common method used to characterize the electro-
hemical performance of the fuel cell systems is to the examine
urrent–voltage curves because this method is easier to imple-
ent than any other electrochemical technique, such as AC

mpedance and the current interruption method. Also, it reveals
he different electrode processes occurring at different current

ensity levels [1]. However, details of the underlying mecha-
isms are difficult to obtain by this method. Electrochemical
mpedance spectroscopy (EIS), also known as AC impedance,

� Partially presented at the 208th ECS conference.
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xchange membrane fuel cell (PEMFC); Stack

s a very useful method for the analysis of electrochemical sys-
ems. Due to the electrochemical nature of fuel cells, EIS has
een demonstrated to be a powerful technique to study the fun-
amental processes in fuel cells [2]. The main advantage of EIS
s its ability to distinguish, in the frequency domain, the indi-
idual contributions of the interfacial charge transfer resistance,
nd the mass transport resistances in the catalyst layer and back-
ng diffusion layer [1]. The disadvantage of this method is that it
oes not generate local information unless significant complex-
ty is added to the measurement set-up and there is a danger of
rawing the wrong conclusions and obtaining inaccurate quan-
itative data because many different models can fit the same
ata.

EIS is usually measured using an electrochemical half-cell.
rom a practical point of view, the most interesting data are those
rom in situ fuel cell operation. The impedance spectrum of a fuel

ell in operation is normally measured in the H2/O2 or H2/air
as feed mode. It can provide information about the cathode
nd the anode impedance [3]. But it is known that the cathode
mpedance typically dominates the proton exchange membrane

mailto:haijiang.wang@nrc.gc.ca
dx.doi.org/10.1016/j.jpowsour.2006.05.003
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uel cell (PEMFC) impedance because the hydrogen oxidation
eaction is much faster than the oxygen reduction reaction [4].
y changing the gas feed mode, e.g. H2/H2, O2/O2, and H2/N2,
IS information on a full cell in operation can be obtained. The
IS measurement can be operated in either potentiostatic mode
r galvanostatic mode. The evaluation of the charge transfer
esistances in the galvanostatic mode is preferred because it is
he usual mode for fuel cell operation and it forces a constant
onversion rate with respect to the charged species [5].

Since EIS was used to study porous gas diffusion electrodes
t the beginning of the 1980s, the increasing challenge to fuel
ell systems has resulted in a variety of EIS techniques to ana-
yze the performance losses in fuel cells. EIS has been applied
o the characterization of the PEM fuel cell with respect to many
ifferent parameters. Examples, reported in the literature, of the
pplications of EIS in fuel cell understanding, design, and oper-
tion are listed below:

Optimization of the membrane electrode assembly (MEA)
fabrication:
◦ catalyst loading [6];
◦ polytetrafluroethylene (PTFE) concentration [6];
◦ Nafion loading [6–8];
◦ composite electrode structure [9];
◦ membrane thickness [10–12];
◦ fabrication method [13–15].
Optimization of operation conditions:
◦ cell humidification [2,6,10,11,17–20];
◦ temperature [11];
◦ pressure and flow rate [21].
Membrane resistance [22–28].
Contamination [4,5,29–31].
Fuel cell stack resistance [23,32].
Localized EIS [33,34].

Although much effort has been made to diagnose the PEM
uel cell by applying EIS, most studies have focused on single
ells. Only limited work has been done with fuel cell stacks,
specially high power stacks with large active areas. On the one
and, dealing with a larger area fuel cell stack needs a high power
est station and a heavy-duty load bank, which are very costly
or researchers. On the other hand, most commercial load banks
perating at high currents do not have good frequency responses
34]. However, the evaluation of high power stack performance
s of importance for PEM fuel cell commercialization and for real
pplications. The main purpose of this study is to measure the
lectrochemical impedance spectra of a 500 W Ballard Mark V
EM fuel cell stack using a set-up that consists of a FuelCon test
tation, a TDI loadbank, and a Solartron 1260 Impedance/Gain-
hase Analyzer, and to further study, from the EIS measurement
esults, the effects of temperature, flow rate, and humidity on the
erformance of the fuel cell stack.
. Experimental

The fuel cell stack tested in this work has six cells with an
ctive area of 280 cm2. The MEA consists of a Nafion 115 mem-

d
c
m
e

ig. 1. Experimental schematic for the EIS measurement of the 500 W fuel cell
tack.

rane with a total Pt catalyst loading of 1.0 mg cm−2, and Toray
GP 090 gas diffusion layers. The experiments were conducted

n the galvanostatic mode using a 500 W FuelCon Test Sta-
ion and a water-cooled electronic load system from TDI (WCL
88400-1000-12000) that has a maximum current of 1000 A.
he hydrogen and air flow rate were kept at a constant stoi-
hiometry of 2 and 2.5, respectively, unless otherwise stated.
oth the anode and cathode sides were kept at 100% relative
umidity.

There is a wide choice of instruments and techniques avail-
ble for the measurement of EIS, ranging from a simple oscil-
oscope display to a Fast Fourier Transform (FFT) analyzer.
n this work, the EIS measurement was carried out using

Solartron 1260 Impedance/Gain-Phase Analyzer, which is
ommonly used in impedance studies. The impedance spec-
ra were recorded by sweeping frequencies over the range of
0 kHz–100 mHz with 10 points decade−1. The amplitude of the
C current was always kept at 5% of the DC current [35,36] (the

election of the amplitude of AC current will be discussed in Part
I of this study). The technical set-up of the testing facilities is
epicted in Fig. 1.

Measuring an EIS spectrum takes time because the system
ust be at steady state throughout the measurement. A common

roblem in EIS measurements and subsequent analysis is the
rifting of the system being measured. To achieve a steady-state
nvironment before starting each impedance measurement, the
uel cell stack was operated at 100 A (individual cell potential
s about 0.6 V) for at least 1 h until a steady-state voltage was
btained. The voltages before and after the EIS measurement
ere determined to verify the stability of the cell. In addition,

uring the EIS measurements only one variable was allowed to
hange while the other variables were kept constant for each
easurement. This allows better understanding of the effects of

ach of the variables [16].
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ig. 2. Current dependence of the Nyquist plots over the range of 10–190 A at
0 ◦C.

. Results and discussion

.1. General pattern of the stack EIS

Typical impedance spectra measured at different currents or
verpotentials are presented in Fig. 2. For clarity, the impedance
oops in the Nyquist plot are described as high, medium, and low
requency loops, respectively, from high frequency to low fre-
uency in the case of three loops. In case there are only two loops
hey are described as high and low frequency loops, respectively,
ccording to the location of the frequency region.

Generally, at low currents (10–70 A) there are two character-
stic semicircle loops seen in the spectra. The bigger loop (low
requency loop, from 1k Hz to 0.1 Hz) that changes with the cur-
ent reflects the behavior of the PEMFC stack cathode. The loop
s called the “kinetic loop” corresponding to the charge transfer
rocess of the oxygen reduction reaction (ORR). Jaouen et al.
37,38] explained that the potential dependent loop is related to
he double layer capacitance of the electrode combined with the
harge transfer resistance of the ORR and, thus, the diameter of
his loop is determined by the charge transfer resistance, whose
ependence on electrode potential is given by the Tafel equa-
ion. A similar explanation can also be found in Paganin et al.’s
tudy [39] through the interpretations of different models of the
mpedance response of a polymer electrolyte fuel cell.

The smaller semicircle (high frequency loop, from 2k Hz to
k Hz) can be detected at different overpotentials or currents.
his high frequency component has not been observed to vary
ery much with changing overpotential or current. Romero-
astanon et al. [40] reported that it is associated with the

tructural features of the MEAs. Freire and Gonzalez [11] have
ttributed the high frequency relaxation to distributed resistance
ffects in the electrolyte within the catalyst layer. Fischer et al.
41] have explained that the internal ohmic resistance and the
ontact capacitance in the granular electrode structure might be
esponsible for the high frequency loop.

In our measurement, the high frequency feature is strongly
ffected by the measurement circuit because in the high fre-

uency region, from 1k Hz to 2k Hz, the load bank does not have
n accurate response to the excitation. Valid and useful signals
egin at around 1k Hz where the kinetic loop begins to develop.
he kinetic loop can be easily identified by the dependence on

r
a
t
r

ig. 3. Equivalent circuit of the stack—equivalent circuit for: (a) one loop and
b) two loops.

urrent or current density. A knot between the low frequency
oop and the high frequency loop is observed very possibly due
o certain overlap of the two loops and the different frequency
esponses of the two loops. Fortunately, the overlap is just at
he very beginning of the kinetic loop. There is clear distinction
etween the loops. The electrode process can therefore still be
nalyzed by the spectra without being affected by the high fre-
uency “artefacts”, which might be related to the fine structure
f the fuel cell and deserve extensive studies by using equip-
ents with a higher frequency response. In this paper the high

requency feature is excluded in the spectra but is still shown
n different plots to provide the full picture of the measurement
esults. The Randles cell, depicted in Fig. 3a, was used to model
he system to fit the spectra measured at low currents (10–70 A),
xcluding the high frequency part of the spectra.

As shown in Fig. 3a, the high frequency (HF) intercept
f the kinetic loop is generally related to the ohmic resis-
ance of the stack, R�. The diameter of the kinetic loop cor-
esponds to the charge transfer resistance for the oxygen reduc-
ion reaction, Rct, and constant phase element (CPE, defined as
(CPE) = 1/Q(jw)−n, where Q has the numerical value of the
dmittance (1/|Z|) at ω = 1 rad s−1 and n is the exponent value)
epresents the catalyst layer capacitance properties associated
ith the oxygen reduction reaction. The reason for replacing C
y CPE results from the fact that the capacitance due to the dou-
le layer charging is distributed along the length of the pores
n the porous electrode [42]. Fitting the data in Fig. 2 at low
urrents (up to 70 A) to this model results in a 0.24 � cm2 value
f R�, which is quite acceptable according to the Nafion 115
embrane resistance. The value of n obtained is around 0.9.
s seen in Fig. 2, the charge transfer resistance decreases with

ncreasing current from 10 A to 70 A. In terms of equivalent cir-
uits, the charge transfer resistance decreases from 15.1 � cm2

o 5.6 � cm2, resulting from the increasing driving force for the
harge transfer reaction.

At high currents above 80 A, a distortion of the kinetic loops
an be observed, which is well known to be the result of overlap-
ing of two semicircles. One corresponds to the kinetic contri-
ution and the other corresponds to mass transport. By contrast,
t low currents the kinetic contribution dominates the cell per-
ormance. The mass transfer limitation at high currents can also
e observed from the polarization curve at high current or cur-
ent density. Thus, the equivalent circuit, as depicted in Fig. 3b,
s more suitable for high currents above 80 A and it can fit the
xperimental data fairly well. In Fig. 3b, Rct is the charge transfer

esistance for the oxygen reduction, and CPE1 represents the Rct
ssociated catalyst layer capacitance properties. Rmt is the mass
ransfer resistance of oxygen in the catalyst layer and CPE2 rep-
esents the Rmt associated capacitance. As observed in Fig. 2, the



wer Sources 161 (2006) 920–928 923

s
F
s
i
t
u
f
c
i
t
c
e
i
f
a
f
m
t
w
[

o
c
e
i
u
o
i

o
a
N
i
f
a
t
f
t
t
w
s
t
i

f
t
t
c
o
c
[
o
p
b
c
i
l

F
3

3

a
t
b
d
t
i
high frequency intercept of the kinetic loop changes with tem-
perature; however, only tiny differences between the different
currents were observed.
X. Yuan et al. / Journal of Po

ize of the distorted loop at high currents increases with current.
itting of the spectra to the equivalent circuit model in Fig. 3b
hows that from 90 A to 190 A, the charge transfer resistance
ncreased from 4.2 � cm2 to 9.1 � cm2 and mass transfer resis-
ance increased from 1.5 � cm2 to 2.2 � cm2. These results tell
s that the equivalent circuit model in Fig. 3b still cannot account
or the exact electrode process at high currents, because the
harge transfer resistance obtained by this model is still increas-
ng with increasing currents. The reason is most probably due
o the complicated mass transport phenomenon in fuel cells in
ontrast to the case of solution electrochemistry with a planar
lectrode. In fuel cells, the mass transport in the flow channels,
n the porous gas diffusion layer and catalyst layer, is very dif-
erent. So it is possible that the equivalent circuit in Fig. 3b can
ccount for only part of the mass transport contribution; there-
ore, the charge transfer resistance obtained still contains some
ass transport component to make the charge transfer resis-

ance a kind of effective charge transfer resistance and increase
ith currents. Similar phenomena have been reported previously

16].
On closer examination of the high frequency loops in Fig. 2,

ne can see that there are tiny differences in the loops and a
hange in high frequency intercept of the kinetic loop at differ-
nt currents. As a matter of fact, the change of the high frequency
ntercept is complicated and affected by many factors, in partic-
lar, the water content in the membrane. The effect of current or
verpotential on the high frequency loop intercept needs further
nvestigation.

Fig. 4 shows the typical current dependence of the Bode plots
n the experimental results shown in Fig. 2. Basically, two peaks
re observed in the Bode plot and reflect the two loops in the
yquist plot of Fig. 2. In the Bode plots, the mass transfer feature

s not as accentuated as in the Nyquist plots since the mass trans-
er resistance is much smaller than the charge transfer resistance
s shown by the model fitting results. Comparably, the charge
ransfer peak is reduced with increasing current, and the peak
requency increases with increasing current up to 80 A as seen in
he Bode plots in Fig. 4. At high currents beyond 80 A, the effec-
ive charge transfer peak grows and the peak frequency decreases
ith increasing current. It is also seen that beyond 80 A the loop

tarts to grow again with current because an increase in effec-
ive charge transfer resistance at high current occurs due to the
ncreasing mass transfer limitations [16].

The current dependence of the spectra at high currents results
rom the combination of conductivity and mass transport limita-
ions within the catalyst layer. Springer et al. [16] have attributed
he effective charge transfer resistance to the rate of interfa-
ial oxygen reduction process. The protonic conductivity and
xygen permeability limitations within the catalyst layer also
ontribute to the charge transfer resistance. Freire and Gonzalez
11] suggested that the effect should be due to either oxygen
r proton transport limitations. If this phenomenon were due to
roton transport effects only, the high frequency region would

e expected to end on a 45◦ straight line. Since a 45◦ straight line
annot be clearly defined, it must be concluded that the effect
s due mainly to oxygen diffusion limitations in the catalyst
ayer. F
ig. 4. Current dependence of the Bode plots over the range of 10–190 A at
0 ◦C.

.2. Temperature effect

Fig. 5a and b shows the current dependence of Nyquist plots
t 50 ◦C and 70 ◦C, respectively. The same current dependence
rends observed in Fig. 2 are also observed here in Fig. 5a and
, i.e., with increasing current the diameter of the kinetic loop
ecreases at low currents, and after the current exceeds a cer-
ain value, the loop begins to distort and increase as the current
ncreases due to mass transfer limitation. Fig. 5 indicates that the
ig. 5. Current dependence of the Nyquist plots at: (a) 50 ◦C and (b) 70 ◦C.
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effects become more significant. However, mass transport lim-
itations can be reduced by using different operating conditions
such as higher reactant flow. Young et al. [21] operated a fuel
cell at more than 20 times the stoichiometric flow rate, which is
ig. 6. Comparison of the IR-corrected Nyquist plots at different temperatures:
a) 50 A; (b) 100 A; (c) 150 A.

Fig. 6 shows the comparison of the Nyquist plots at different
emperatures for different currents. In order to make a clearer
omparison, Fig. 6 was corrected by the ohmic drop in the stack
sing the high frequency intercept of the kinetic loop. As seen
n Fig. 6a–c, the diameter of the kinetic loop decreases as the
emperature increases at the chosen currents of 50 A, 100 A,
nd 150 A, respectively. Because the performance of the fuel
ell systems is severely limited by the slow oxygen electrode
inetics at low operating temperatures, the kinetic loop is larger
t low temperatures than at high temperatures.

By fitting the kinetic loop with the equivalent circuits (shown
n Fig. 3), the stack resistance and the maximum frequency of
he kinetic loop can be obtained. The stack reaction resistance
nd peak frequency of the kinetic loop at different temperatures
an be compared as shown in Figs. 7 and 8, respectively. Fig. 7
hows that with increasing temperature, the stack reaction resis-
ance decreases at any current. Fig. 7 also shows the trend of the
tack reaction resistance with change of current. In each case,
he stack reaction resistance begins to increase above a certain
urrent, i.e., about 70 A at 30 ◦C, 110 A at 50 ◦C, and 120 A
t 70 ◦C. The onset current of the mass transfer effect increases
ith temperature attributes to the increasing effective mass trans-
ort at higher temperatures. Fig. 8 shows that with increasing

emperature, the peak frequency increases and goes through a

aximum with increase of current. By fitting the kinetic loop
he variation trend of the peak frequency is nearly opposite to
hat of the charge transfer resistance as it appears in Fig. 8.
ig. 7. Comparison of stack reaction resistance at different temperatures.

Also from Fig. 7, at 70 ◦C the average single cell resistance
er unit area is approximately 8 m�, 5 m�, and 4 m� at currents
f 10 A, 20 A, and 30 A, respectively. The values are calculated
rom the total resistances, the active area, and the number of
ells. In Diard et al.’s [32] work, the single cell resistance per unit
rea is approximately 20 m�. Their measurements were carried
ut at 80 ◦C and 3 A in a four-cell stack with an active area
f 24 cm2. Comparing with 20 m�, the values obtained here are
easonable because the resistance will be larger at lower current.
hese results also approximately coincide with Springer et al.’s

16] classical spectra, although the cell being measured and the
peration conditions are different. It indicates that the method
escribed in this work is applicable.

.3. Flow rate effect

Perry et al. [43] reported that at the higher current densi-
ies, which are required to achieve higher power, mass transport
Fig. 8. Comparison of peak frequency at different temperatures.
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two contributions: the effect of liquid water formed at the cath-
ode, which affects the transport of oxygen, and the hydration
effects that limit water transport in the membrane. Paganin et
al. [39] reported that a low frequency relaxation process at high
ig. 9. Effect of air shortage on the Nyquist plots at 30 ◦C. The air flow rate was
0 L min−1.

uch higher than that usually employed in fuel cell operation,
o eliminate mass transfer effects. Ciureanu [23] used a constant
toichiometry of 4 for the inlet air flow in order to ensure com-
lete removal of the water produced in the cathode compartment.
omparison of impedance spectra at different reactant flow rates
rovides information about the effect of gas diffusion on mass
ransport and the different features of the impedance spectra,
.g. the low frequency (mass transfer) arc [4].

As discussed previously, only at high currents will the mass
ransfer feature show in the spectrum when the stack is operated
ith a hydrogen stoichiometry of 2, and an air flow stoichiometry
f 2.5, and this mass transfer feature is almost masked by charge
ransfer. If the fuel cell stack is operated at a fixed air flow rate
f 20 standard L min−1, and a constant hydrogen stoichiometry
f 2, even at low currents the impedance spectra of the stack
perated will show a third low frequency arc. The effects of air
hortage on the Nyquist plots at 30 ◦C and 50 ◦C are displayed
n Figs. 9 and 10, respectively.

As shown in Fig. 9, at the current of 30 A, the third low
requency arc begins to grow at 30 ◦C. With increasing current,
he low frequency arc becomes larger and larger. Seen from the
ode plots at 30 ◦C in Fig. 11, a third peak appears associated
ith the third arc in the Nyquist plots. Again, with increasing

urrent, the third peak grows in Bode plots. Similar phenomenon
an be observed at 50 ◦C. The low frequency arc begins to grow
t about 20 A, as shown in Fig. 10. Fig. 12 clearly demonstrates
he effect of air shortage on the Bode plots.

The third low frequency arc reflects the mass transport limi-
ations in the gas phase because of the shortage of the air supply
perated at a fixed air flow rate. Sometimes, a third arc appears
s a straight line with a slope of 1 (45◦, real part = imaginary
art), which is considered to be the infinite diffusion control
3]. However, in the Nyquist diagram the limited diffusion as

n additional loop at low frequency range is observed instead
f the straight line seen in our experiments. There are some
ther explanations in the literature about this low frequency arc.

F
2

ig. 10. Effect of air shortage on the Nyquist plots at 50 ◦C. The air flow rate
as 20 L min−1.

reire and Gonzalez [11] reported that this additional arc has
ig. 11. Effect of air shortage on the Bode plots at 30 ◦C. The air flow rate was
0 L min−1.
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50 ◦C. The cut-off of anode humidification does not affect
the spectra too much compared with the cut-off in cathode
humidification. Dehydration of the anode also brings about a
substantial increase of cathode impedance because a dry anode
ig. 12. Effect of air shortage on the Bode plots at 50 ◦C. The air flow rate was
0 L min−1.

verpotentials is related to the water transport characteristics in
he membrane. However, such explanations are not applicable in
ur experiments, which were controlled and dominated by the
ir supply, and were fully humidified at both the cathode and
node sides.

To summarize, the typical impedance spectra for the stack
hen operated at a fixed air flow rate included three arcs: the
rst arc at high frequency was associated with the structure of

he MEAs or issues related to the measurement circuits, the sec-
nd arc at medium frequency reflected the combination of an
ffective charge transfer resistance and a double-layer capaci-
ance within the catalyst layer, and the third arc at low frequency
elated to the mass transport limitations caused by shortage of
ir supply. The medium and low frequency arcs correspond to
he two relaxation times (i.e., charge transfer and mass transfer).
n this case, without taking into account the high frequency fea-
ure, the equivalent circuit of the stack can also be presented as
ig. 3b.

If the stack is operated at a fixed hydrogen flow rate of
L min−1, and the air inlet remains at a constant stoichiometry
f 2.5, the impedance spectra will show the effect of hydrogen

hortage on the Nyquist plots, as illustrated in Fig. 13a and b.
t 30 ◦C, over the current range of 20–90 A, with increasing

urrent, the kinetic loop becomes smaller. This is in accordance
ith the previous results. However, when the current reaches

F
t
a

ig. 13. Effect of hydrogen shortage on the Nyquist plots: (a) 30 ◦C and (b)
0 ◦C. The hydrogen flow rate was 2 L min−1.

5 A, the complete loop cannot be detected, and the stack volt-
ge decreases dramatically below 1 V. Similarly at 50 ◦C, over
he current range of 20–60 A, with increasing current, the kinetic
oop reduces. When the current reaches 70 A, the stack loses its
ormal function. From Fig. 13a and b, the additional third arcs
id not appear because of the hydrogen shortage as they did in
he case of air shortage. This is due to the fast reaction speed
f hydrogen oxidation so that the spectrum mostly represents
he cathode ORR behavior. This is also a proof that the small
igh frequency loops have nothing to do with the behavior of
ydrogen oxidation because they remain stable even when there
s a lack of hydrogen supply. In addition, shortage of hydrogen
an be seen to be more dangerous than shortage of air. Once
he shortage of hydrogen occurs, the stack is not able to per-
orm, whereas in the case of air shortage, the performance drops
radually.

.4. Humidity effect

At 30 ◦C, the spectra of the humidification cut-off at the
athode or the anode do not display big differences. But
ith increasing temperature, the effect becomes more and
ore significant. Fig. 14 shows the effect of cutting off the

umidification at the cathode or the anode side at 50 A and
ig. 14. Transients of the impedance spectra after interruption of the humidifica-
ion at 50 ◦C. Initial state is humidified. Cutting off of: (a) anode humidification
nd (b) cathode humidification.
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Table 1
The diameters of the kinetic loops before and after interruption of the humidifi-
cation at both cathode and anode sides

Fitting diameters (� cm2)

50 ◦C 70 ◦C

Cathode, dry Anode, dry Cathode, dry Anode, dry

Humidified 5.1467 5.1565 5.1672 4.7145
5 min 5.184 5.0007 5.3962 4.8382
10 min 5.9024 5.0703 5.6123 5.2519
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ig. 15. Transients of the impedance spectra after interruption of the humidifica-
ion at 70 ◦C. Initial state is humidified. Cutting off of: (a) anode humidification
nd (b) cathode humidification.

ulls water away from the cathode across the membrane, which
ake it hard to keep the cathode well hydrated [16]. The same

henomenon is also observed at 70 ◦C, shown in Fig. 15.
During the measurements, the high frequency arc, which is

early independent of current, was found to grow as a result of
he increase of the high frequency intercept of the kinetic loop.
his can be observed in the humidification cut-off at either the
athode or the anode side, seen in both Figs. 14 and 15. As we
now, the high frequency intercept on the real impedance axis
f the kinetic loop is associated with membrane resistance. In
act, this intercept of the kinetic loop represents the total ohmic
esistance of the cell, which can be expressed as a sum of the
ontributions from uncompensated contact resistance and ohmic
esistance of the cell components such as the membrane, catalyst
ayer, backing layer, end plate, as well as the contact resistance
etween each of them [44]. Among these, bulk membrane resis-
ance is the largest, and is strongly dependent on the hydration
tate of the membrane.

The measurement of membrane resistance gives important
nformation on water management, which is a crucial issue for
he successful operation of a PEM fuel cell. The conductivity of
he membrane in a PEMFC is directly related to its water con-
ent, which depends on: (1) the water carried by the humidified
eactant gases; (2) the water generated at the cathode; (3) the
lectro-osmotic drag, i.e., water carried by the protons from the
node to the cathode [11]; (4) the water diffusion. Therefore,
he significant increase of membrane resistance after cutting off
he humidification results from the lack of water carried by the
eactant gases, and with a significant drop in the water concen-
ration at the interface. Consequently, ionomer shrinkage may
ccur, reducing both the surface contact of the catalyst with the
onomer and the proton conductivity of the ionomer [45].
By fitting the kinetic loop, the diameter of the arc was found
o increase slightly with time after cutting off humidification in
oth anode and cathode sides, seen in Table 1. It indicates that
he lack of sufficient humidification of the reactant gases brings

a
t
3
d

5 min 6.0598 5.1503 5.7188 5.2836
0 min 6.2418 5.2224 5.7304 5.5209

bout cell performance losses because of an increase in the mem-
rane resistance, and an increase of the interfacial impedance
or ORR reflected by the increase of the overall diameter of the
mpedance loop [44].

As stated above, water transport in the membrane plays an
mportant role in establishing the polarization behavior of poly-

er electrolyte fuel cells. Water content at the interface con-
ributes to the transport of the involved species in many different
ays. On the one hand, dehydration of the electrodes brings

bout a substantial increase of the stack impedance, resulting in
tack performance loss. On the other hand, an extremely high
ater level can block oxygen transport, and the increased water

oncentration due to the water generation at the cathode can
irectly affect the ORR kinetics and also contribute indirectly to
he state of contact between the Pt catalyst and the ionomer.

. Conclusion

The EIS of a 500 W Ballard Mark V PEM fuel cell stack was
easured successfully with the combination of a FuelCon test

tation, TDI loadbank, and Solartron 1260 in the galvanostatic
ode. At low currents, typical spectra contained two semicir-

ular loops. The low frequency loop corresponded to the charge
ransfer process of the ORR and the high frequency loop was
ssociated with the internal ohmic resistance and the contact
apacitance in the granular electrode structure of the MEAs or
ssues related to the measurement circuits. With increasing cur-
ent in the low current range, the diameter of the low frequency
rc (associated with charge transfer) decreased, thereby reflect-
ng the increase in the driving force for the interfacial oxygen
eduction process. Beyond 80 A, the kinetic loop started to dis-
ort and increase as the current increased due to mass transfer
imits.

The effects of temperature, flow rate, and humidity on the
tack performance were investigated. With increasing tempera-
ure, the diameter of the kinetic loop was observed to decrease.
his is due to the slow ORR process at low temperature. When

he stack is operated at a fixed air flow rate, a third low frequency
rc grows, and with increasing current, the low frequency arcs
ecome larger and larger due to the shortage of air. The short-

ge of hydrogen does not display an additional frequency arc in
he spectra, but it is more dangerous than the shortage of air. At
0 ◦C, the humidification cut-off at either the cathode or anode
oes not show a big difference. But with increasing temperature,
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he effect becomes more and more pronounced, and the cut-off
f anode humidification does not affect the spectra as much as
he cut-off in cathode humidification.

The high frequency intercept of the kinetic loop changes with
emperature, and small differences can be observed between dif-
erent currents. The investigation of the temperature and current
ependence of the high frequency intercept of the kinetic arc is
nder way. Our future work will also include the EIS diagnosis
n individual cells of the 500 W PEM fuel cell stack.
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