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PEM fuel cells as membrane reactors: kinetic analysis
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Abstract

Proton exchange membrane fuel cells (PEMFC) are considered as electrochemical reactors, performances of which are
regarded in the context of the various effects influencing FC output, such as mass transports, kinetic of electrode reactions and
charge transfer in polymer electrolyte membrane (PEM). An experimental approach, involving the employment of impedance
spectroscopy (IS), which allows a deep insight into the nature of these effects, is discussed and its applications to the different
aspects of PEMFC functioning are reported. As examples of the use of IS in PEMFC studies, the investigations of the
membrane conductivity and in situ studies of the anode and the cathode processes during FC operation are presented.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Polymer electrolyte membrane (PEM) fuel cells
must be considered as electrochemical catalytic mem-
brane reactors. Indeed, it can be seen from the scheme
of H2/O2 PEM fuel cell, shown inFig. 1, that the pro-
ton conducting membrane separates the anode from
the cathode compartment, where electrocatalytic oxi-
dation of H2 and reduction of O2 occur, respectively.
The reaction at the anode is H2 → 2H+ + 2e− and
at the cathode 4H+ + O2 + 4e− → 2H2O. Thus,
like in any other membrane reactor the performance,
measured here in terms of the current generated in
the external circuit, depends on the overall outcome
of a series of successive steps: mass transport at the
anode, surface reaction with charge separation at the
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anode, proton conduction in the membrane, surface
reaction on the cathode and mass transport in the
cathode compartment. The usual way to assess this
performance is to determine the polarization curve
of the cell, which might be as represented inFig. 2.
In such a curve the open circuit potential is always
lower than the thermodynamic ideal cell potential.
Increasing the cell current also involves a decrease
in cell potential. All these drops are associated with
the various effects, which affect the steady state rate
of the electrochemical reactions, namely the various
mass transports, the kinetics of electrode reactions
and the resistance to proton conduction in the mem-
brane. Thus the electrochemical analysis of the cell is
a means of getting information on the surface reac-
tions at the electrodes. In this study we will focus our
attention on the use of an electroanalytical technique
of systematic use in current edge research, namely
the impedance spectroscopy (IS) in this type of
investigations.
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Fig. 1. Schematic illustration of hydrogen–oxygen fuel cell.

Fig. 2. Current–voltage characteristic of a fuel cell.Ei—ideal
cell potential,Er—rest potential (open circuit),ηO—rest overvolt-
age, η�—iR, resistance overvoltage,ηa—activation overvoltage,
ηC—concentration overvoltage.

2. Principle of IS

AC impedance spectroscopy is a direct method for
the study of the various electrochemical processes in-
volved in operation of a PEM fuel cell. It consists in
measuring the changes in electrical impedance of a
system upon a variation in frequency of an oscillating
voltage over a large frequency range (typically 10−1

to 107 Hz) with modulating voltage of 10–30 mV and
bias voltage ranging typically in 0–1 V. The data are re-
ported in the complex plane (Z′, Z′′) and analyzed after
establishing an equivalent circuit to represent the dy-
namic characteristics of the system. These characteris-
tics are then determined by fitting the impedance data
with the equivalent circuit equation using a non-linear
least square procedure. In this presentation we will il-
lustrate the multiple uses of this technique as applied
to the various parts of a PEM fuel cell. It is in par-
ticular indispensable for characterization of PEM and

other solid electrolytes and for in situ studies of the
anode and cathode processes in the course of FC op-
eration.

3. PEM characterization by IS

Accurate measurement of the proton conductivity
σ of electrolyte membranes involves considerable ex-
perimental difficulties, associated first of all with the
paramount impact of PEM hydration rate onσ. There
are a number of experimental approaches to this prob-
lem, any of which however has its own advantages
and drawbacks. Among various designs of conductiv-
ity cells there are:

(a) liquid phase cells where a membrane is equili-
brated in a liquid electrolyte solution[1,2] which
can obviously affect its chemistry due to ion ex-
change;

(b) cells whereσ is measured in longitudinal direc-
tion while membrane surface is exposed to sur-
rounding atmosphere. This allows a sample to be
equilibrated with its environment but can produce
data quite different from transversal conductivity
if bulk properties differ from that of the surface
where moisture adsorbs. There are different types
of these cells, including frame cells[3–5], clas-
sical four point geometry[6,7], coaxial cells[8],
etc.;

(c) the most largely used are blocking electrode
transversal cells[9–11], whereσ can be however
underestimated due to difficulties in controlling
the membrane water content and problems with
specimen–electrode contact;

(d) cells equipped with reversible proton generating
electrodes mostly made of Pt-black[12] operat-
ing in hydrogen atmosphere. This method is rather
complicated and cumbersome for routine mea-
surements.

All these methods (except (d)) have one common
feature: they imply using AC IS, which allows to
resolve unavoidable electrode polarization effects at
the electrolyte–electrode interface. An example of
PEM conductivity study by impedance spectroscopy
is presented inFig. 3, where complex responses
of a hydrated membrane (sulfonated polyether–
etherketone), sandwiched between blocking stainless
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Fig. 3. (a) Typical complex impedance responses of humidified PEM (PEEK, DS= 0.42) at different temperatures. Cell area—1 cm2,
membrane thickness—0.9 mm. (b) Experimental and simulated curves.R1 = 640�, C1 = 7.5 × 10−11 F, Rw = 600�, Sw = 6 × 10−4 s,
α = 0.32.

steel electrodes, were recorded as functions of temper-
ature. The spectra consist typically of a low frequency
straight line and a high frequency arc, the diameter
of which in this instance first decreases with temper-
ature (Arrhenius buildup of conductivity) and then
increases following the membrane dehydration. The
equivalent circuit, presented in the inset ofFig. 3b,
provides a good fit for these responses. It consists
of a resistor–capacitor pair(Z = R1/1 + iR1Cω)

with a generalized Warburg finite length element
(Z = Rw[coth(iSwω)α]/(iSwω)α) in series with the
resistor. HereR1 represents a bulk resistance of the
specimen andC corresponds to the capacitance of
the measurement cell. The Warburg element reflects
diffusion of charge carriers (protons) within the mem-
brane (Sw = L2/D, whereL is the effective diffusion
thickness andD the effective diffusion coefficient).
The slope of the straight line in the purely diffusional
case should be 45◦ corresponding toα = 1/2. The
value obtained from fittingα = 0.32 for t = 42◦C
indicates partially capacitive behavior which becomes
still more distinctive with temperature. The best fit for
the response at 72◦C, for instance, yieldedα = 0.19
(not shown in the figure) which is obviously caused
by a decrease of the diffusional component with
dehydration.

The example presented shows that IS can be useful
not only for PEM electrical resistance estimation, but
also can provide an important additional information
on their behavior depending on the temperature, wa-
ter content and some other parameters. However still
more valuable information can be obtained from IS
when it is used for in situ dynamic investigation of
full PEMFC.

4. EIS studies of the PEMFC anode

Using IS, it is possible to study separately the elec-
trocatalytic properties of the anode by analyzing the
impedance of a half cell which means that in the setup
described inFig. 1 both compartments are fed with
hydrogen (H2/H2). Alternatively, when studying the
effect of CO poisoning, the anode can be fed with a
H2 + CO mixture (H2/H2 + CO).

CO poisoning of the Pt electrocatalyst is one of
the key problems of the PEM fuel cells.Fig. 4 shows
the effect of 100 ppm CO in the anode compartment
on the polarization curve of a H2/air PEMFC run at
50◦C (Pt content: 1.7 g/cm2). For the CO poisoned cell
there is a dramatic drop of current at higher voltages.
This is followed by a region in which theI–V curve



198 M. Ciureanu et al. / Catalysis Today 82 (2003) 195–206

Fig. 4. Polarization curves of H2/air and H2 + CO/air fuel cell H Power electrodes, 1.7 mg Pt/cm2, cell temperature: 50◦C; fuel: 80 sccm,
0 psig, 80◦C; air: 600 sccm, 0 psig, by-pass for H2, 55◦C for H2 + 103 ppm CO. Holding at 0.5 V between measurements.

becomes parallel with that of the unpoisoned cell. The
separation between these parallel lines is about 0.45 V.
As examples of this type of study we report below two
EIS studies of this crucial poisoning effect on Pt/C
and Pt+ Ru/C electrodes.

Fig. 5. Impedance plot of symmetrical H2/H2 cell at 0.0 V. Points are experimental data, line is a curve fitted with the equivalent circuit
of Fig. 7.

4.1. Pt/C electrodes

Fig. 5 shows the complex impedance plot obtained
for a symmetrical H2/H2 cell at 0.0 V bias potential,
whereasFig. 6gives the similar impedance patterns of
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Fig. 6. Impedance patterns at 0.0 V for H2/(H2 + 100 ppm CO) cell (a) and H2/H2 + 2% CO (b).

(H2/(H2+100 ppm CO)) and (H2/H2+2% CO) cells
at 0.0 V bias[13]. The equivalent circuit used to repre-
sent these data includes a resistanceRm in series with
two identical circuits (one for each electrode) each of
which is as presented inFig. 7. In this figure the capac-
itancesC1 andC2 used in simulating the (H2/H2) cell

Fig. 7. Equivalent circuits for an electrode with adsorbed species
at the interface.

are replaced for the (H2/H2 + CO) cell with constant
phase element (CPE) defined asZCPE = 1/[T(jω)α].
Introducingα < 1 allows to account for the fact that
at high frequency the AC current does not entirely
penetrate the pores. The depth of this penetration de-
creases asω increases which causes the pore surface
area involved to decrease. At low frequency the whole
surface is involved,α → 1 andT becomes the pure
capacitanceC.

In the data reported inFig. 5 the high frequency
(hf) arc (R1, T1) is associated with the charge transfer
across the Pt interface (Ha → H+ + e−) and the low
frequency (lf) arc (R2, T2) with the chemisorption of
hydrogen (H2 → 2Ha). The lf arc was found not to
depend on H2 flow rate which excludes the possibility
that this lf arc would be associated with H2 diffusion
in the porous electrode.

Table 1 reports the values forRm (membrane re-
sistance),R1, T1, α1, R2, T2 andα2 calculated from
the fit of these data. The values of bothR1 andR2 are
drastically increased upon introduction of 100 ppm
CO in the gas phase thus monitoring the decrease
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Table 1
Parameters evaluated from fit of EIS with the equivalent circuit shown inFig. 7

Cell Anode Bias
voltage (V)

Rm (�) R1 (� cm2) T1 (F/cm2)α1 α1 R2 (� cm2) T2 (F/cm2)α2 α2

H2/H2 Pt 0 0.211 0.0181 0.128 0.75 0.0171 30.54 0.70
H2/H2 + 102 ppm CO Pt 0 0.203 0.580 0.026 0.69 0.929 0.035 0.92
H2/H2 + 102 ppm CO Pt/Ru 0 0.201 0.108 0.130 0.65 0.0295 3.444 0.56

in Ha surface concentration associated with CO poi-
soning. As a confirmation, the EIS spectra reported
in Fig. 8 show the time dependence of the measured
impedance as the poisoned electrode is flushed with
pure hydrogen.

Fig. 9 illustrates the changes in the H2/(H2 +
100 ppm CO) cell with bias potential. At low bias
(0.1 V) the complex impedance behavior changes
only quantitatively showing an increase in the lf limit
of the impedance compared to the open circuit (0.0 V)
behavior. This is associated with the residual charge
transfer indicating partial poisoning of the hydrogen

Fig. 8. Complex impedance plot atE = 0.0 V for a H2/(H2 + 2%) CO cell after flushing with pure hydrogen for different period of times.

oxidation sites. As the bias potential exceeds 0.291 V
a very different spectrum is observed with the lf
arc located in the fourth quadrant. This reflects a
semi-inductive pattern which was shown to happen in
systems with adsorbed species the coverage of which
undergoes a change in the sign of its dependence on
potential[14]. In the present case this semi-inductive
pattern is a proof that the CO coverage starts decreas-
ing at potentials exceeding 0.291 V. The observed
drastic decrease in the diameters of the two loops with
increasing bias potential up to aVcrit = 0.43 V, above
which the impedance recovers a value close to that
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Fig. 9. Influence of the bias voltage (IR corrected) on the complex impedance plot for a H2/(H2 + 100 ppm CO) cell: (a) low overvoltage
region; (b) high overvoltage range.

of the unpoisoned electrode (a behavior not shown in
Fig. 9), reflects the progressive electrochemical de-
poisoning of the Pt surface by oxidation of adsorbed
CO:

Pt–COads+ Pt–H2Oads→ 2Pt+ CO2 + 2H+ + 2e−

This activated water shift is likely since in this bias
voltage range there are no Pt–OHads species on the
surface. This process is completed and as mentioned
above, the activity of the non-poisoned electrode is
recovered as the bias reachesVcrit. Reverting toFig. 4,
which showsI–V curves of poisoned and unpoisoned
systems, it can be seen that these curves are separated
by 0.45 V, which is almost exactly identical with the
value determined by EIS.

4.2. Pt–Ru/C anode

The complex impedance spectra reported inFig. 10
[15] were obtained at the 0.0 V bias potential in con-
ditions similar to the data inFig. 6 except that the Pt
anode was replaced with one with a 50% Pt–50% Ru
catalyst (3.2 mg/cm2). The comparison is also shown
in Table 1. The lower resistancesR1 andR2 observed
with Pt–Ru compared to Pt electrocatalysts reflect the
well known beneficial effect of Ru on Pt deactivation
by CO.

The effect of the bias potential on these spectra is
represented inFig. 11. At low bias potential (below
0.3 V) the complex impedance spectrum is similar to
the ones observed with the Pt electrodes (seeFig. 8)
except for the smaller values of bothR1 andR2 again
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Fig. 10. Open cell complex impedance plots on Pt/Ru based anode.

Fig. 11. Complex impedance plot for H2/(H2 + 100 ppm CO) cell at several bias potentials (IR corrected): (a) low overpotential range; (b)
high overpotential range.
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Fig. 12. Agglomerate plus thin-film model of a porous gas diffusion electrode.

indicating a lower degree of CO poisoning. At in-
termediate bias potential (0.336 V) the curve is also
in the fourth quadrant at low frequency indicating a
pseudo-inductive pattern. Thus again in these condi-
tions an electrochemical process which removes CO
from the surface occurs. Here the reactivation of the
surface is assigned to the oxidative removal of COads
from the surface, in the presence of OHads species,
known to be present on the surface of Ru in this po-
tential range:

Pt–COads+Ru–OHads→ Pt+ Ru+ CO2 + H+ + e−

At the overpotential of 0.52 V an unusual behavior
showing two additional arcs in the second and third
quadrants is observed which was not given a definite
interpretation.

5. EIS studies of the PEMFC cathode

In H2/O2 PEM fuel cells it is rather easy to op-
erate in conditions where EIS spectra are essentially
determined by the cathode. The interpretation of such
spectra is then made on the basis of a model of the
porous gas diffusion cathode, the flooded-agglomerate
model[16,17], a scheme of which is shown inFig. 12.
The catalyst (usually Pt particles supported on carbon
black) is a component of the composite material des-
ignated as the agglomerate which acts as a proton con-
ductor, an electron conductor and an oxygen diffuser.
This allows the electrode reaction O2+4H+ +4e− →
2H2O to take place on the wetted part of the agglom-
erate. This part is visualized as covered with an elec-

Fig. 13. Response of the complete cathode model (seeFig. 12)
as function of potential. The highest frequency arc is caused by
double-layer charging, the mid-frequency feature by the agglom-
erate dynamics, and the lowest frequency process by thin-film
diffusion.
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Fig. 14. Experimental potential dependence of the Nyquist plots in the range of 0.9–0.8 V (a) and 0.8–0.65 V (b).vH2/vair = 16/40 sccm,
tH2/tair = 40/40◦C.
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trolyte thin film through which O2 from the gas phase
must be dissolved and through which it must diffuse.
The parameters of this model are shown inFig. 12.
Fig. 13gives a series of theoretical Nyquist plots for
varying values of the parameterµ = ηαF/RT where
η is the cathode overpotential. The other parameters
in these calculations areΓ = k0δ/Df —film diffusion
parameter andF = (k0Ly/Da)

1/2—agglomerate dif-
fusion parameter, with the effective rate constantk0
given ask0 = k′AvLy (wherek′ is true rate constant in
cm/s andAv the catalyst area per unit volume in cm−1).

The characteristic frequencies for thin filmωf and
for agglomerateωa areωf = Df /δ

2 andωa = Da/L
2
y

(in rad/s). Ciureanu and Roberge[18] have obtained
experimental data that confirm beautifully the predic-
tions of the flooded-agglomerate model. The EIS spec-
tra shown inFig. 14a and b were obtained in mild
conditions (cell temperature 25◦C and moderate hu-
midification) relevant for the low power fuel cells.
The geometric surface area was 25 cm2, the polymer
electrolyte being Nafion 113.5. The electrodes con-
sisted of a thin film of catalyst layer containing 1.7 mg
Pt/cm2, 1% Nafion and 0.4% Teflon. It was hot pressed
on a teflonized gas diffusion backing of Toray paper.
The electrochemically active electrode surface area as
measured by cyclic voltammetry was 200 cm2/cm2. At
highVcath(low overpotential) comprised between 0.95

Fig. 15. log(R−1
p ) vs. cathode potential at two humidification temperaturestcell = 25◦C.

and 0.8 V only one loop is observed in the complex
impedance plane, with a high frequency interceptR�

and a diameterRp. In this regionRp value decreases
rapidly asVcath decreases (Fig. 14). As the voltage de-
creases below 0.8 V, a second loop appears at low fre-
quency and the first high frequency loop stops varying.
From the flooded-agglomerate model, the high fre-
quency loop should be associated with rate of charge
transfer at the Pt/electrolyte interface. If this is actu-
ally the case, then theRp value should be related to
Vcath by the Tafel relationship:

Vcath = E0 − b logR−1
p (1)

Eq. (1) was thus tested as shown inFig. 15, which
shows two such curves obtained at two humidification
temperatures. It is observed in this figure that each of
these curves has three different segments: the one at
the highestVcath shows the largest (−1/b) slope and is
likely associated with the Pt surface reaction step be-
ing rate limiting. AsVcath is decreased to values on the
order of 0.80 V, a second segment shows a decreased
slope, suggesting that the surface process is now cou-
pled with internal O2 diffusion within the agglomerate
layer. Finally at the lowestVcath values,R−1

p is es-
sentially unchanged in coherence with a rate process
now limited by the film diffusion process. Indeed, it
was observed that the value ofRd (low frequency arc
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in Fig. 14b) is strongly dependent on the thickness
of Toray paper. The general behavior is comparable
to the classical behavior of catalytic processes in sit-
uations where internal and external diffusion become
rate limiting. These results will be further discussed in
the presentation as well as other applications of IS to
characterization of PEM membranes and analysis of
the H2 anode reaction rates. In particular in this last
case we will analyze the poisoning effect of CO on Pt
and Pt–Ru anodes.

6. Conclusions

Proton exchange membrane fuel cells (PEMFC)
are indeed electrocatalytic membrane reactors, the
performances of which are regarded in the context
of the various effects influencing FC output, such as
mass transports, kinetic of electrode reactions and
charge transfer in PEM. Impedance spectroscopy
is a powerful tool to study the different process
in PEMFC functioning, including investigations of
PEM conductivity and in situ studies of the anode
and cathode processes during FC operation. The EIS
study of anodic processes allowed to monitor the
poisoning of the Pt catalyst with CO and its elec-
trochemical reactivation by oxidation of COads with
Pt–H2Oads in pure Pt system and with Ru–OHads
in the case of Pt–Ru catalysts. EIS of air cathode
evidenced two diffusional processes, interpreted in
terms of the flooded-agglomerate model for GDE:
a high frequency response reflects interfacial charge
transfer and mass transport of oxygen in the pores of
the catalyst layer and in a thin electrolyte film. A low
frequency response is assigned to the mass transport
limitation due to flooding in the backing layer.
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