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Abstract

We studied the influence of CO poisoning of the anode in the polymer electrolyte membrane fuel cell (PEMFC) using electrochemical
impedance spectroscopy (EIS). The anode impedance was found by first feeding neat hydrogen gas and next hydrogen with CO into one
of the electrodes, keeping neat hydrogen gas on the other electrode as a reference. The electrodes were E-TEK Elat gas-diffusion elec-
trodes with 0.5 mg Pt/cm2, and the membrane was Nafion� 117. The CO concentration was 103 ppm, and the total pressures were 1, 2.5
and 4 bar. Operating temperatures were kept constant, 30.0 �C or 50.0 ± 0.1 �C. Bias voltages of 0 and 0.05 V were used. Three steps
were revealed in the reaction mechanism, the slow adsorption/diffusion step, the charge transfer step and the proton hydration step, con-
firming earlier results. Carbon monoxide affects the charge transfer step by blocking active sites and by affecting the surface polarisation.
We further conclude that CO adsorbs to the porous carbon matrix, and reduces significantly the rate of surface diffusion of hydrogen to
the surface.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In the polymer electrolyte membrane fuel cell (PEMFC),
the largest overpotential is encountered at the oxygen elec-
trode, the cathode, but this is only when the feed to the
anode is neat hydrogen. When hydrogen contains small
amounts of CO (around 100 ppm), as is the case when it
is produced by reformer technology, the anode will be poi-
soned, and the anode overpotential becomes larger [1,2]. It
is believed that CO occupies the Pt sites and affects hydro-
gen adsorption by lowering the accessible surface [3,4]. In
addition, CO lowers the reactivity of the uncovered sites
by dipole interaction and electron capture [5]. It is thus
important to understand the anode under normal condi-
tions and when it is poisoned with CO. Our aim here is
to study the dynamic response of the anode for these con-
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ditions. A theoretical model that describe the rate-limiting
processes at the anode was thus developed earlier [14,15],
distinguishing between the transport up to the catalyst, at
the catalytic site and from this site into the membrane.

Various porous gas-diffusion electrode models that also
have been used for the PEMFC, have developed since the
late 1960’s [6–8]. Most of these models have treated the
electrodes in their steady state [9–11]. The dynamic
response of the system, the topic of this investigation,
was also studied [12,13]. Most of the focus has been on
the oxygen electrode since this contributes most to the
losses in the PEMFC in normal operation.

In two previous articles [14,15], we investigated the
anode reaction with electrochemical impedance spectros-
copy (EIS) and found three steps in the reaction mecha-
nism. The anode reaction was investigated in a cell with
two hydrogen electrodes. The cell temperature, applied
potential and hydrogen gas pressure were varied. Three
steps were revealed, most importantly because we used
temperatures below 50 �C. The steps are discussed in detail
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in the section that follows below. This work gives a good
basis for investigations of the CO effect.

EIS provides a simple way to separate the contribution
of CO poisoning from the behaviour without CO, and eval-
uate the influence of other parameters [16,17]. We shall use
this technique here.

The purpose of this paper is to find how the three pos-
tulated steps [14,15] in the PEMFC anode reaction are
affected by the presence of CO. In order to again see all
three steps, we shall continue to use (mainly) the lowest
temperature that was used before (30 �C). We shall again
be able to document that three steps are present. Using
the three steps as a premise, we shall see that presence of
CO changes only one of the three relaxation times, and that
the observed changes in relaxation time, resistances and
other parameters, can all be explained by a large surface
coverage of CO on Pt (near 0.9), by changes in the polari-
sation of the catalyst, and by CO adsorption onto the por-
ous carbon. In this manner we shall therefore also present a
model for the CO effect on the anode, that is consistent
with our previous model, and with other documented
effects of CO in the literature [17].

The article is organised as follows. We repeat first (Sec-
tion 2) the essentials of our previously published model for
hydrogen oxidation in the porous anode of the PEMFC.
The expressions derived for the impedance of the surface
are also repeated. Experimental conditions and results are
given in Section 3. In order to confirm our experimental
methods, we also report results for the complete fuel cell
poisoned with CO. Similar results were obtained by others
[17]. The CO concentration used here (103 ppm) was one
that is normally present in the reformer gases after purifica-
tion [1].

Section 4 contains spectra and spectra details, mostly for
the main temperature investigated, 30 �C. In the tabulation
of fitted parameters, we compare the values of the poisoned
electrode with the unpoisoned, before conclusions are
drawn.
2. The three steps of the anode reaction

As mentioned above, we are testing a model reported
earlier [14,15], consisting of three rate-limiting steps for
the oxidation of hydrogen in the PEMFC anode. The
model assumes that hydrogen gas is first adsorbed at any
position x along the pores in the carbon matrix leading
up to the Pt catalyst:

1

2
H2ðgÞ !

1

2
H2ðaÞ ð1Þ

The reaction is reversible giving

rðx; tÞ ¼ ka
H2

cg
H2
� kd

H2
ca

H2
ðx; tÞ ð2Þ

where ka
H2

and kd
H2

are reaction rate constants for adsorp-
tion and desorption, respectively, while cg

H2
and ca

H2
are

concentrations in the gas phase, and at the surface, respec-
tively. Once adsorbed, hydrogen diffuses along the carbon
surface to the platinum (to position x = 0) where it reacts
according to the familiar Tafel–Volmer mechanism:

H2ðaÞ ! 2Hads ð3Þ
Hads ! HþðsÞ þ e�ðaÞ ð4Þ

where (a) denotes the anode and (s) the platinum surface.
The molecule dissociates into protons and electrons at ac-
tive sites in the electrode surface of the platinum particles.
Electrons are eventually transported into the carbon phase.

The protons bind on the average to one water molecule
before they leave the surface [18,19]. In the third rate-lim-
iting step net charge moves into the cation exchange mem-
brane (m) as hydronium ions:

HþðsÞ þH2OðmÞ ! HþH2OðmÞ ð5Þ
2.1. The equivalent circuit

For the first of these three steps we derived a Gerischer
impedance, using non-equilibrium thermodynamics. The fit
of the experimental data to this impedance was always bet-
ter than a fit to the finite length Warburg impedance, the
most likely alternative. The impedance of Step 1, the step
for adsorption and surface diffusion was given by [14]

Zad ¼
RT

2F 2ca
H2;eq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Dkd

H2
ð1þ ixsadÞ

q ð6Þ

where the relaxation time in the absorption process due to
the chemical reaction (2):

sad ¼
1

kd
H2

¼
ca

H2;eq

cg
H2

ka
H2

ð7Þ

The hydrogen concentration in the pores, cg
H2

, was constant
in the experiment, giving also a constant value for the con-
centration of absorbed gas at equilibrium, ca

H2;eq.
The fit of the experimental results to the theoretical

expressions gave furthermore Y0 and sad in the following
expression for Zad:

Zad ¼
1

Y 0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s�1

ad þ ix
p ð8Þ

The expression for the relaxation time, s�1
ad ¼ kd

H2
, is given

in Eq. (7). The other variable, the admittance, is

Y 0 ¼
2F 2

RT
ca

H2;eq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Dkd

H2
sad

q
¼ 2F 2
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This admittance Y0 is proportional to the hydrogen con-
centration in the adsorbed phase. This concentration is,
at equilibrium, proportional to the gas concentration of
hydrogen, and such a proportionality was found [15].
The slope of Y0 versus the concentration was used to esti-
mate a diffusion constant for hydrogen along the surface,
using the assumption ca

H2;eq ¼ cg
H2;eq, or ka

H2
¼ kd

H2
. This

admittance did not depend on the applied bias potential.
The theoretical expression for the impedance of the

whole surface was found as
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Zs ¼ qs
cm þ Zct

1þ ixCs
H3Oþðqs

cm þ ZctÞ
ð10Þ

In this equation, Zct is the impedance of the charge transfer
step

Zct ¼
qs

ct þ Zad

1þ ixCs
Hþðqs

ct þ ZadÞ
ð11Þ

and the capacitance and the resistivity of the proton hydra-
tion are given by Cs

H3Oþ and qs
cm. The relaxation time for the

proton hydration reaction, scm, is

scm ¼ qcmCs
H3Oþ ð12Þ

The experiments were done with gases and membrane sat-
urated with water, excluding water diffusion as a rate-lim-
iting step, at OCV conditions, and confirming the pure
semi-circle appearance of this step.

Data fitted the theoretical expression well, provided that
we allowed for a depression of the semicircle in the charge
transfer step, by setting

Cct ¼ T ctðixÞa ð13Þ
where a is independent of the frequency. The surface heter-
ogeneity as expressed by the parameter a was constant. The
relaxation time for the charge transfer step is [14]:

sct ¼ ðT ctqctÞ
1=a ð14Þ

The charge transfer step, the second step, depended on the
applied potential much more than the other two steps, as
one would expect. This part of the impedance, i.e., both
qs

cm and qs
ct were sensitive to the catalyst ageing. In a previ-

ous article [14], we interpreted ageing as a reduction in sur-
face area; giving a doubling of these resistances.

The equivalent circuit that was put up on the basis of
these equations is given in Fig. 1. The sequencing of the
contributions to the total spectrum is fixed, as there is no
possibility to switch the elements of the circuit.

This model is taken as a premise in the present investi-
gation. We shall see that it is possible to use it to explain
the electrode behaviour also in the presence of CO. While
this does not prove that the model is the only possible
explanation of the data; it does make it more plausible
when the new experimental data can be explained in terms
of the same model.
Fig. 1. The equivalent circuit derived from non-equilibrium thermody-
namics [14,15] for the three rate-limiting steps of the anode of the polymer
electrolyte fuel cell. The Gerischer impedance from adsorption/desorption
and diffusion of hydrogen on carbon is denoted GE. The charge transfer
step at a heterogeneous electrode surface contributes by Rct and CPEct of a
constant phase element (see text for definition), while the step that includes
proton hydration gives the resistance Rcm and the capacitance Ccm. The
Nafion membrane resistance is denoted Rm.
3. Experimental

3.1. Methods and materials

The electrode tested was a E-TEK Elat/Std/DS/V2 gas-
diffusion electrode with 0.5 mg Pt/cm2 and 20% Pt/C on
Vulcan XC-72. The electrode area was 4.91 cm2.

To obtain a better ionic contact between the layers in the
membrane- and electrode assembly (MEA) of the single
cell, the electrodes were sprayed with a 5% Nafion solution
to give 0.6 mg Nafion/cm2. The MEA consisted of two
identical electrodes separated by a Nafion� 117 membrane.
The membranes were pretreated in several steps as
described for instance by Møller–Holst [20]. The mechani-
cal pressure over the MEA was 4.2 bar, controlled by a
pneumatic piston. The pressure and temperature were con-
stant during each experiment within one percent variations.

The EIS’s were measured in an in-house fuel cell test sta-
tion built by Møller–Holst [20] and modified by Vie [21].
The test station is also described in previous papers
[14,15]. The impedance diagrams were recorded using a
PAR 263 A/94 potentiostat and a Solartron 1260 FRA.
The ‘‘Z-plot’’ software from Scribner Ass. Inc. was used
to run the experiments. Measurements were made in a
two-electrode set-up where the counter electrode which
operated on neat H2 also served as reference electrode.
The impedance was obtained by sweeping over frequencies
from 10 kHz to 10 mHz, recording 12 steps/decade, for
each pressure. An amplitude of 5 mV was used in the
experiments. The applied potentials was 0.05 V. All EIS
spectra were fitted using the software ‘‘Z-View’’ (Scribner
Associated Inc.) and are given as Nyquist plots of Zcell.

Both cyclic voltammetry (CV) and stripping voltamme-
try were done at 30 �C using a PAR 263 A/94 potentiostat
and ‘‘CorrWare’’ software from Scribner. The same cell
was used as in the EIS experiments. In the CV experiments,
the working electrode compartment was fed with pure N2

and in the stripping voltammetry experiments it was fed
with H2 + 103 ppm CO. After the electrode had been equil-
ibrated with CO, the working compartment was purged
with N2 for 2 h before the CV experiments were done.
The CO that remained on the surface was therefore chem-
isorbed. The scan rate was 20 mV/s.

3.2. EIS studies

(1) Most experiments were performed at 30 �C. At this
temperature, we investigated the cell with pure hydro-
gen on both sides, and with hydrogen and 103 ppm
CO on the working electrode, at 0 and 0.05 V applied
dc voltage, and for three total gas pressures (1, 2.5
and 4 bar).

(2) The experiments at 0 and 0.05 V applied dc voltage
were repeated at 50 �C and 1 bar.

(3) The CO poisoning of the anode required time to
come to equilibrium. At 30 �C this time was approx-
imately 2 h. EIS measurements were done when the



0

5

 10

 15

 20

 25

 30

0  50  100  150  200

-φ
 / 

D
eg

re
e

t / min

Fig. 2. Phase angle variation with time as a clean electrode is flushed with
103 ppm CO in hydrogen gas at 1 bar, 100 Hz, 0.0 V and 30 �C. A stable
value is reached after 2 h.
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system was equilibrated, usually after 2 h. The equil-
ibration time was determined by recording the phase
shift angle at 0 V and 100 Hz after admitting CO to
the electrode compartment, see Fig. 2 for a typical
example, obtained at 30 �C. The time for equilibra-
tion was somewhat shorter at 50 �C.

(4) In order to be able to compare the experimental tech-
nique with that reported by other researchers, the EIS
was also measured with a regular fuel cell with O2 fed
to the cathode and H2 or H2 + 103 ppm CO fed to
the anode compartment. The applied dc voltages
were 0 and 0.05 V.
4. Results

4.1. The surface coverage

The stripping voltammograms for the electrode are
shown in Fig. 3. The CO coverage at 30 �C was calculated
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Fig. 3. Stripping voltammogram obtained with a working electrode
equilibrated 2 h with H2 + 103 ppm CO and subsequently flushed with N2

for 2 h before cycling. The temperature was 30 �C and the scan rate was
20 mV/s.
from Fig. 3. The surface area below the peak correspond-
ing to CO adsorption (0.6–0.9 V) was integrated to give a
surface charge of 48 mC/cm2. Using the charge required
to oxidise one monolayer CO on bright Pt (484 lC/cm2)
[22,23], the surface area was calculated to 20 m2 Pt/g Pt
using the procedure explained in a previous article [14].
We found again the surface area of the unpoisoned elec-
trode to be 22 m2 Pt/g Pt. The chemisorbed layer of CO
at 30 �C has therefore, a coverage of h = 0.90, giving a
hydrogen coverage of 0.10. Both Felui et al. [22] and Wea-
ver et al. [23] found a coverage of irreversibly adsorbed CO
on platinum in aqueous sulphuric acid at room tempera-
ture of about 0.9. At 50 �C, our CO coverage changes to
0.83. This compares well with Ciureanu and Wang [16]
who obtained 0.85 at this temperature.

4.2. The fuel cell spectra and the Nafion membrane resistance

An immediate control of the experimental set-up and the
system was always provided by the Nafion membrane resis-
tance derived from the spectra. This resistance has been
recorded in the literature by many researchers
[16,17,24,25]. Our values were temperature dependent.
They agreed with observations by Paganin et al. [24] and
Freire et al. [25] and were reproducible within an error of
±5%, see Table 1.

The results from the fuel cell, with and without the poi-
soned electrode are shown in Fig. 4. We see the consider-
able changes in the impedance spectra that also have
been reported by others. We see the immediate change
upon poisoning cited in the beginning of this article: While
the main loss is associated to the cathode in Fig. 4a, it is
associated with the anode in Fig. 4b.

4.3. The spectra of the CO-poisoned electrode

The spectra of the anode equilibrated with 103 ppm CO
and recorded at 30 �C are shown in Fig. 5 for 0 and 0.05 V
applied potential. The total resistance of the system
increases with increasing bias potential. This is probably
due to a change in Zct. Ciureanu and Wang [16] found that
the total resistance in the CO-poisoned hydrogen cell
increased with increasing bias voltage at potentials below
0.3 V.

The first spectrum, repeated in Fig. 6, shows the fit of
experimental data to the equivalent circuit in Fig. 1. Three
Table 1
Parameters for the proton hydration step, obtained by fitting experimental
data for the cell H2/H2 + 103 ppm CO to Eq. (10)

T (�C) D/dc (V) Rm (X cm2) Cs
cm (s(X cm2)) qcm (X cm2)

30 0.00 0.47 0.0029 0.11
30 0.05 0.50 0.0031 0.17
50 0.00 0.43 0.0079 0.15
50 0.05 0.42 0.0072 0.19

The electrodes were equilibrated 2 h before the experiment at 1 bar total
pressure.
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rate-limiting processes can clearly be fitted. The high-fre-
quency arc, to the left in the diagram, is again most pro-
nounced at 30 �C. The low frequency region fitted to the
Gerischer impedance is shown in more detail in Fig. 7.
The fit in this figure captures all data with a precision of
a few per cent. In general the fits of step 1 and 2 were within
5% and step 3 within 50%. Within these accuracies, there
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Fig. 6. Detail of Fig. 5 for T = 30 �C and 0 V. The fit to the equivalent
circuit 1 is shown and the superimposed area between the charge transfer
part and the Gerischer part is split. The line is the fitted data.
was no observable effect on the impedance by changing
the pressure. Also there was no systematic variation in Y0

with the pressure. The measurements at 50 �C are shown
in Fig. 8. The contribution from the unpoisoned electrode
in the symmetrical hydrogen cell [14,15] is negligible com-
pared to the contribution from the CO-poisoned hydrogen
electrode.

The results of the data reduction from all fits are pre-
sented in Tables 1–3. The results for step 1 and 2 have an
accuracy better than 5% while the accuracy for step three
is better than 50% in all tables. Table 1 gives the character-
istics of the proton hydration step. We see a significant var-
iation in the parameters with applied potential and
temperature. Table 2 gives the characteristic data for the
charge transfer step and the Gerischer impedance. As we
have found earlier, the factor a is remarkably constant.
The potential has the greatest impact on the charge transfer
step, Tct and qct, but a systematic variation is also seen in
the parameters of the Gerischer impedance, Y0 and sad.

The relaxation times for all three processes are given in
Table 3. The table also gives their value relative to the
value of the unpoisoned electrode (sCO/s). The relative
effect on Y0 is tabulated in Table 2. From the change in
impedance and temperature, we calculate from Eq. (9) that
the surface diffusion coefficients are related by
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Fig. 8. EIS of the cell H2/H2 + 103 ppm CO cell after 2 h equilibration at
1 bar pressure and 50 �C, 0 and 0.05 V.



Table 2
Parameters obtained for the constant phase element and the Gerischer impedance, by fitting experimental data for the cell H2/H2, 103 ppm CO to Eqs. (6),
(8), (10), (11)

T (�C) D/dc (V) Tct (sa (X cm2)) act qct (X cm2) Y0 (s1/2 (X cm2)) Y0,rel sad (s)

30 0.00 0.079 0.77 1.69 6 0.032 4
30 0.05 0.041 0.83 24.8 0.3 0.0023 9
50 0.00 0.072 0.86 1.15 16 0.072 5
50 0.05 0.042 0.85 7.59 1.5 0.010 16

The electrodes were equilibrated 2 h before the experiment at 1 bar total pressure. The admittance Y0,rel gives the admittance relative to that of the
unpoisoned electrode.

Table 3
Relaxation times for the three steps of the CO-poisoned electrode of the cell H2/H2, 103 ppm CO

T (�C) D/dc (V) scm (10�4 s) scm,rel sct (s) sct,rel sad (s) sad,rel

30 0.00 3.2 1.3 0.073 21 4 0.7
30 0.05 5.3 2.3 1.01 220 9 1.1
50 0.00 12 1.2 0.0055 1.3 5 1.0
50 0.05 14 1.8 0.26 55 16 3.2

Gas-diffusion electrodes were E-TEK Elat 0.5 mg Pt/cm2 and a Nafion 117 membrane was used at 1 bar total pressure. Experimental conditions were
T = 30 �C or 50 �C and E = 0 or 0.05 V. The relaxation times scm and sct were calculated using Eqs. (12) and (14). sad followed directly from the data
fitting. Relative values are referred to the unpoisoned electrode at the same conditions.
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D50;0V ¼ 8� D30 ð15Þ
D50;0:05V ¼ 28� D30 ð16Þ

The relative change in the diffusion coefficient with temper-
ature and potential can be found, by assuming the surface
concentration to be a temperature function only. Calcula-
tions gave then a eight-fold variation with a temperature
change of 20 �C at 0 V, and around a 30-fold variation at
0.05 V. The variation is large, and calls for a revision of
the assumption.

5. Discussion

In Section 2 of this paper, we described our postulated
three steps in the anode reaction. The new experimental
data, obtained for electrodes equilibrated with 103 ppm
CO, are discussed below with reference to these steps.

5.1. Hydrogen adsorption/desorption and diffusion

As hydrogen gas enters the porous electrode backing
from the gas channel, the first step says that the gas is
reversibly adsorbed to the carbon surface in the pores,
and that the gas molecule migrates along this carbon sur-
face to the catalyst particle.

A theoretical argument was given for the existence of
such a step [15]: Direct access from the gas phase to the
three-phase contact line is prohibited. Such an access leads
to the divergence of the flux of hydrogen being infinite at the
contact line, an impossible situation. Access is therefore via
the interfaces between the materials that are involved. In the
porous, gas-filled carbon, such an interface is provided by
the carbon–gas interface. This interface will then eventually
give access of hydrogen to the Pt particles. Such transport
via the interface of two materials is in fact favourable, as
it provides a more widely spaced access to the Pt particle.
Also, the interface between the membrane (Nafion) and
the gas can provide a pathway. The variation in the phase
angle with time, see Fig. 2, supports the idea that this kind
of adsorption takes place. The figure shows two distinct
phases, a rapid phase (when the chemical potential differ-
ence of CO between the gas and the surface is large) and
a slow phase. The last phase can well be a reequilibration
step across a porous layer, similar to the step seen for
adsorption of gases in zeolites membranes [26].

As discussed earlier [14], the model does not discrimi-
nate between a molecular or an atomic state of hydrogen
on the carbon surface. We have chosen to use molecular
hydrogen in Eq. (2), because the adsorption on carbon is
probably weak [2].

In Section 4, we showed that the experimental data in
Figs. 5–8 could be fitted to the Gerischer impedance, cf.
Table 2, Y0 and sad. The fit to the two superimposed
semi-circles have a high degree of uncertainty. It should
be remembered that the model developed in our earlier
work [15] is a premise of the analysis. The relaxation time
sad was measured in seconds after exposing the electrode
surface to CO. The interesting fact is that this is precisely
the same as observed in the unpoisoned electrode. Table
3, column 8, shows that the relaxation time of this step is
unaffected by the presence of the CO-gas in the unpolarised
electrode. This may be expected, if the state of the hydro-
gen on the carbon surface is unaltered.

If the argument about access to the catalyst holds for
H2, namely that the path to the catalyst is via the car-
bon–gas interface, it follows that CO also must follow
the same path. A closer inspection of the variables, that
define the relaxation time is therefore interesting. Most
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interesting is the admittance Y0, given in Table 2. This
value is reduced by a factor between 10 and 30 in the unpo-
larised cell when CO is present in the system, and a factor
between 100 and 400 in the polarised cell. The reduction is
expressed in Y0,rel, the ratio of admittances, in this table.
Eq. (9) gives a relation between the diffusion coefficient
of hydrogen, the temperature and the hydrogen concentra-
tion on the surface.

We find that the reduction in the diffusion coefficient is
by more than one order of magnitude, when a electrode
with CO is compared to one without CO at the same tem-
perature and same surface gas concentration. A reduction
is likely if CO is binding to the carbon surface, and pre-
vents H2 from moving. The fractional coverage of platinum
is high, 0.90 or 0.83, but it is also likely that some CO
adsorbs to the carbon part of the electrode.

Using the assumption ka
H2
¼ kd

H2
, we calculated

D = 1 · 10�7 m2/s [15]. This assumption is less likely
now, as the hydrogen concentration on the surface should
be reduced in the presence of CO. This means that the dif-
fusion coefficient does not account for all of the reduction
in Y0, as measured by Y0,rel. Also ca

H2
must be responsible

for a reduction. Given that the relaxation time for hydro-
gen adsorption is unaltered, however, the adsorption of
CO on the carbon matrix seems to be weak (physisorption).

According to Eq. (9) the admittance should change with
a pressure change. This was not observed, but can be
understood by the small value of Y0. A possible variation
in Y0 with the pressure, like the one observed earlier [15],
is not detectable within the accuracy in the experiment,
when Y0 becomes too small.

5.2. The charge transfer step

This investigation shows that the relaxation time of the
charge transfer step, sct, increases drastically in the pres-
ence of CO, see also sct,rel in Table 3. While the relaxation
time of the adsorption step, and the proton hydration step,
barely changes, the relaxation time of the charge transfer
step changes by more than one order of magnitude at both
temperatures. Clearly the conditions at the surface for
hydrogen oxidation are changed.

We know from Fig. 3 that the presence of CO reduces
access of hydrogen to the platinum surface by a factor of
ten. Access alone need not have an impact on the relaxation
time. But CO is chemisorbed to the surface, as evidenced by
its presence after nitrogen flushing. This plus the change in
sct indicate that CO also has changed the state of the surface
and made it more polarisable. According to the literature
[16,5], the bond made by CO to Pt, will lead to a localisation
of electrons. The surface polarisation increases. The resis-
tance increases, especially under a polarisation, meaning
that the surface becomes more polarisable in the presence
of CO. The increase in the system’s resistance with an
applied potential (Fig. 5) is in agreement with this view.

The catalyst layer of the PEM fuel cell electrode is por-
ous, and has an extension of about 10 lm, which is signif-
icant compared to the thickness of the backing where gas
transport takes place. This has led some researchers to
describe the layer in a continuous fashion, taking the pro-
ton resistance along as a variable [27]. Our data do not
allow for such a possibility, as the parameter a is constant,
and there is no indication of diffusion in the second
semicircle.

5.3. The proton hydration step

The relaxation time of the proton hydration step, scm, is
largely unaffected by the presence of CO, cf. Table 3. This
is also what we should expect. Compared to the study with-
out CO present, the two contributions to scm have changed.
The resistance has increased, while the capacitance has
increased correspondingly. The more polarised surface dis-
cussed above can well result in a higher resistance to charge
transfer. It is further likely that the presence of water in
addition to CO at the surface modifies the capacitance.

6. Conclusions

The present impedance spectroscopy investigation of the
anode reaction of the standard PEMFC in the presence of
CO, has given additional experimental evidence in favour
of a recently proposed three-step model for the electrode
reaction [14,15].

In particular, we have found extra evidence for the
hypothesis that the path of the reacting gas to the catalyst
particle is via the interface of the porous carbon phase and
the gas phase. The hydrogen surface diffusion coefficient
was clearly lowered compared to the diffusion coefficient
that has been estimated earlier to 1 · 10�7 m2/s. Carbon
monoxide acts by hindering hydrogen access to the surface,
by occupying the surface, and by making the surface more
polarisable, as has also been observed by others [3–5]. The
proton hydration step, needed for the proton to enter the
ion-exchange membrane, is relatively unaffected by
the presence of CO, and can only be distinguished from
the other steps at low temperatures (30 �C).
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