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Abstract

The effect of CO gas and anode-metal loading on H2 oxidation in a proton exchange membrane fuel cell (PEMFC) are investigated by ac

impedance spectroscopy. To investigate these effects, the voltage loss is measured, and the impedance of the half-cell (cathode side: H2;

anode side: simulated gas) and full-cell (cathode side: O2; anode side: simulated gas) are determined by ac impedance spectroscopy. The

CO gas has a great effect on the charge-transfer reaction (high-frequency arc) and hydrogen dissociative chemisorption (medium-frequency

arc), but little effect on the low-frequency arc. The polarization resistances for charge-transfer and hydrogen dissociative chemisorption in a

fuel cell with low metal loading are larger than those with high metal loading, and increase greatly with increasing CO concentration.

Although the cathode impedance is the main part at high temperature irrespective of CO concentration (�100 ppm), the impedance of the

full-cell depends on anode impedance at low temperature and high CO concentration. # 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The proton exchange membrane fuel cell (PEMFC) which

uses hydrogen as a fuel is regarded as highly attractive for

mobile applications due to its high power density in the

temperature range 60–1008C [1]. Methanol shows some

advantages compared with liquid or compressed hydrogen

in terms of weight, volume, and range [2]. For such a fuel

cell system to use hydrogen derived from methanol, a

reformer is required. The reformer converts methanol to a

hydrogen-rich fuel gas which contains about 75% H2, 24%

CO2 and 1% CO [3,4]. Although platinum is known to be

one of the most effective catalysts for hydrogen oxidation in

a PEMFC, there are problems when the fuel gas contains

CO. Even a few parts per million of CO cause poisoning of

the platinum and this results in a substantial degradation in

the performance of the fuel cell [5,6]. On the other hand, it

has been reported that Pt–Ru alloy is a promising electro-

catalyst for the oxidation of adsorbed CO [7–9]. Further-

more, other workers [10,11] have demonstrated that a

number of elements exhibit a co-catalytic activity for the

anodic oxidation of CO. All these results have been

obtained, however, at smooth platinum or platinum alloy

electrodes in an aqueous sulfuric acid. Therefore, we have

studied the effect of CO gas and anode-metal loading on H2

oxidation in a PEMFC.

2. Experimental

The fuel cell tested was a 1 cm2 single cell which

employed a Nafion 115 membrane (Aldrich). The membrane

was pretreated by boiling for 1 h in each step in 3% H2O2,

distilled water, 0.5 M H2SO4, and again distilled water. A

carbon-supported electrocatalyst (Pt/C, 46.8 wt.% Pt)

(Tanaka Kikinzoku Kogyo K.K.) and a carbon-supported

electrocatalyst (atomic ratio Pt 0.4–Ru 0.6/C, 54 wt.% Pt–

Ru) (Tanaka Kikinzoku Kogyo K.K.) were used as the

cathode and the anode, respectively. To prepare the catalyst

ink mixture, 5% Nafion solution (Aldrich) was added to the

water-wetted catalysts. To prepare the membrane/electrode

assembly (MEA), the anode and the cathode inks were

uniformly painted on to two PTFE-treated carbon papers.

In the MEA, the metal loading of the cathode was

0.4 mg cm�2 and the metal loading of anode was

0.84 mg cm�2 (high metal loading) or 0.4 mg cm�2 (low

metal loading). The Nafion loading of the anode was

0.62 mg cm�2 (high metal loading) or 0.29 mg cm�2 (low

metal loading). In all experiments, oxygen and simulated gas

were prehumidified at 5 and 158C higher than the cell

temperature, respectively. The humidified O2 was fed into
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the cathode compartment at 500 sccm. A simulated gas, i.e.

60%H2/20%CO2/20%N2 with 0 ppm CO or 60%H2/

20%CO2/20%N2 with various CO concentrations (30, 60

and 100 ppm), was fed into the anode compartment at

500 sccm. The gas of composition 60%H2/20%CO2/

20%N2 with 0 ppm CO was used as a reference to compare

the voltage loss and change of polarization of the fuel cell.

The fuel cells were operated at cell temperatures of 30, 50

and 708C with pressures in the anode and cathode compart-

ments of 1 atm. Since CO poisoning of anode required a

certain period of time, the voltage loss and impedance of the

fuel cell were measured after the voltage of fuel cell was

stable. The poisoning time increased with decrease in cell

temperature and a few hours were required at 308C. Air

bleeding was used before changing simulated gas.

The ac impedance measurements were performed by

means of an impedance analyzer (ZAHENR, Model

IM6e), and were conducted under pseudo-galvanostatic or

potentiostatic control of the cell over the frequency range

15 kHz to 10 MHz. A small ac signal 10 mV in amplitude

was used to perturb the system throughout the experiments.

A schematic diagram of the experimental set-up employed

for measuring the impedance is shown in Fig. 1.

3. Results and discussion

In order to investigate the effect of CO concentration on

the performance of the fuel cell, the cell potential was

measured at a current density of 300 mA cm�2 by varying

the CO concentration. The voltage loss of the fuel cell was

calculated by subtracting the cell potential at each CO

concentration from the cell potential at 0 ppm CO concen-

tration. The results are shown in Fig. 2. The voltage loss of

the cell is found to increase slightly with increasing CO and

is inversely proportional to the amount of anode-metal

loading.

In order to clarify the effect of CO gas on the impedance

of PEMFC, two methods were attempted for measuring

impedance. First, impedance measurements were carried

out in the half-cell condition (cathode: H2; anode: simulated

gas). Second, the impedance measurements were conducted

in the full-cell condition (cathode: O2; anode: simulated

gas). When the impedance of the full-cell is measured, the

impedance spectra give the information about cathode and

anode impedance. The impedance spectra of the full-cell are

nearly equal to the cathode impedance because the hydrogen

oxidation reaction is very fast. It is possible to eliminate the

contribution of the cathode by operating the PEMFC with a

continuous steam of hydrogen in the cathode [12]. The

results of the half-cell are shown in Fig. 3. In this case,

the impedance measurement were carried out at 508C. Three

depressed arcs are observed on the impedance spectrum. In

order to explain this spectrum, the equivalent circuit as

shown in Fig. 3 is applied. Here, L is an inductance and

R1 represents an ohmic resistance. (R2Q2), (R3Q3) and

(R4Q4) represent the high-frequency, the medium-frequency,

and the low-frequency arc, respectively. As can be seen in

Fig. 3, the measured values are in good agreement with the

fitted values. The inductance can be attributed to the lead

Fig. 1. Experimental set-up for impedance measurements.

Fig. 2. Voltage loss as a function of CO concentration.

Fig. 3. Impedance spectrum for a half-cell. The impedance measurement

was made at 508C and with simulated gas (0 ppm CO)/H2 as reactant gas.
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wires, and its value is about 210 nH. R1 is the dc component

and includes the membrane resistance. According to Ciur-

eanu and Wang [13], the high-frequency arc (R2Q2) is

assigned to the charge-transfer reaction at the interface

and the medium-frequency arc (R3Q3) is assigned to hydro-

gen dissociative chemisorption at the electrode. If M is a

vacant active site in the anode and MH is an adsorbed site,

the charge-transfer reaction and the dissociative chemisorp-

tion reaction of hydrogen are given by

For charge transfer reaction : M � H ¼ M þ Hþ þ e (1)

For hydrogen-dissociative chemisorption reaction :

H2 þ 2M ¼ 2M � H

The adsorbed CO changes to CO2 above a critical poten-

tial and results in an inductive arc in the low-frequency

region. The inductive arc does not appear because the

experiment was performed at the open-circuit potential

(OCP). When the impedance of the fuel cell was measured
Fig. 4. Flow-rate dependence on impedance spectra.

Fig. 5. Impedance spectra of half-cell with (a) high, (b) low metal loading, and (c) change of polarization resistance and voltage loss as a function of CO

concentration at 708C.
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under load, a potential occurs and, for the same current,

increases with decrease in cell temperature. The inductive

arc appears in the impedance spectra when the impedance is

measured at a current density above 200 mA cm�2 and a cell

temperature of 308C. This is because the critical potential is

reached when adsorbed CO is converted to CO2. Further

studies are required to define the role of CO oxidation on a

Pt–Ru electrode.

The change of impedance spectra with flow rate is shown

in Fig. 4. As the flow rate decreases, the high-frequency and

medium-frequency arcs show little variation, but the low-

frequency arc is increased markedly. This means that the

low-frequency arc is due to gas-phase diffusion of hydrogen.

Impedance spectra of the half-cell as a function of CO

concentration are shown in Fig. 5. The impedance spectra

were measured at the OCP. The results for a fuel cell with

high metal loading and low metal loading are given in

Fig. 5(a) and (b), respectively. The polarization resistance

increases with increasing CO concentration. In case of

0 ppm CO, the anode polarization resistance of a fuel cell

with low metal loading is smaller than that of one with a high

metal loading. The change of polarization resistance of the

fuel cell with low metal loading is larger than that of one

with high metal loading. The voltage loss and change of

polarization resistance as a function of CO concentration are

shown in Fig. 5(c). In this case, the change of polarization

resistance is obtained by subtracting the polarization resis-

tance at 0 ppm CO from that at each CO concentration. The

voltage losses are consistent with the change of polarization

resistance. This is explained by the fact that the increase of

polarization resistance in the anode side is responsible for

the voltage loss.

To identify the effect of CO concentration on each reac-

tion of the anode, the impedance spectra in Fig. 5 were

analyzed by using equivalent circuit shown in Fig. 3. The

results for R2 (charge-transfer), R3 (hydrogen dissociative

chemisorption) and R4 (hydrogen phase diffusion) are shown

in Fig. 6(a)–(c), respectively. The values of R2 and R3

increase with increasing CO concentration, while R4

remains constant. When H2 containing CO is fed into the

Fig. 6. Polarization resistance as a function of CO concentration: (a) R2; (b) R3; (c) R4.
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anode, the H2 gas competes with the CO gas for adsorption

on the active sites. Although the CO adsorption step depends

on the catalyst nature, for Pt–Ru/C free side attack is

preferred instead of replacement [14]. The fraction (YM�H)

of the site occupied by hydrogen is given by:

YM�H ¼ 1 �YCO �YM (3)

where YCO is the fraction of site adsorbed with CO and YM

the fraction of the vacant active site. Since YCO increases

with increasing CO concentration, YM�H decreases with

increasing CO concentration. As the rate of the charge-

transfer reaction is proportional to the amount of the site

occupied by hydrogen, the polarization resistance of the

charge-transfer reaction increases with increasing CO con-

centration. According to Vogel et al. [15], the rate of

hydrogen dissociative chemisorption is proportional to the

fraction of the vacant site (YM). Since the number of vacant

sites decreases with increasing CO concentration, the polar-

ization resistance of hydrogen dissociative chemisorption

increases with increasing CO concentration. The polariza-

tion resistance of hydrogen phase diffusion is given in

Fig. 6(c). As the hydrogen phase diffusion is related to

the supply of hydrogen, this arc changes with the porosity of

the backing layer and the flow rate. Therefore, the polariza-

tion resistance of hydrogen phase diffusion is nearly con-

stant, irrespective of CO concentration. Although the

polarization resistance for 0 ppm CO in a fuel cell with

low metal loading is smaller than that in one with high metal

loading, the polarization resistance for a CO-containing fuel

in a fuel cell with high metal loading is smaller than that in

one with low metal loading. These results are consistent with

the voltage loss data shown in Fig. 2. The differences of

polarization resistance and voltage loss due to metal loading

are considered to be related to the amount of vacant active

sites. As these sites (M) increase, the rate of the hydrogen

dissociative chemisorption reaction increases and results in a

decrease in the change of R3. Also, the amount of M�H

increases. Since the charge-transfer reaction is facilitated by

increase of M�H, the change in R2 decreases. The slopes

(DR/Dppm) of Fig. 6(a) are 0.13 (anode 0.84 mg cm�2) and

0.22 (anode 0.4 mg cm�2) and the slopes (DR/Dppm) of

Fig. 6(b) are 0.36 (anode 0.84 mg cm�2) and 0.88 (anode

0.4 mg cm�2). From measurements of the slope of polariza-

tion resistance with CO concentration, the polarization

resistance of a fuel cell with low metal loading is found

to increase more than that of one with high metal loading,

and the polarization resistance of hydrogen dissociative

chemisorption to increase more than that of the charge-

transfer reaction.

In order to check the cathode impedance in the full-cell

and the effect of cell temperature, 100 mA cm�2 was loaded

at full-cell and half-cell conditions. The voltage loss experi-

ment was performed at 300 mA cm�2 with a cell with high

metal loading. The polarization resistance of the fuel cell

increases with decreasing cell temperature, particularly at

308C (Fig. 7). This is consistent with an abrupt increase in

Fig. 7. Polarization resistance for full-cell and half-cell at current density of 100 mA cm�2 and voltage loss: (a) 708C; (b) 508C; (c) 308C; (d) voltage loss.
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voltage loss at 308C (Fig. 7(d)). The portion of the anode

impedance is not large at cell temperatures of 70 and 508C.

Therefore, the impedance of the full-cell is mainly a cathode

impedance. The portion of anode impedance does increase,

however, with decrease in cell temperature. For 100 ppm

CO, anode impedance increases from 25% (708C) to 30%

(508C). The anode impedance increases greatly at a cell

temperature of 308C. As seen in Fig. 7, the impedance of a

fuel cell at 0 ppm CO or high temperature is mainly a

cathode impedance because the anode impedance is small.

In the case of low temperature and high CO concentration,

however, the impedance of the fuel cell is dependent on the

anode side.

Next, we calculated the cathode polarization resistance.

The effect of CO gas on the cathode can be seen in Fig. 8.

The cathode polarization resistance changes little with

increasing CO concentration. Also, the cathode polarization
Fig. 8. Cathode polarization resistance as a function of CO concentration.

Fig. 9. Impedance spectra of full-cell with (a) high metal loading, (b) low metal loading, and (c) change of polarization resistance and voltage loss as a

function of CO concentration at 708C.
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resistance decreases with increasing cell temperature and

current density. It is also found from Fig. 8 that the CO gas is

not very permeable through Nafion in the experimental

range. This suggests that the CO gas has little effect on

the cathode side.

The impedance spectra of the full-cell with various CO

concentrations at a temperature of 708C are presented in

Fig. 9. The impedance measurements were performed at a

current density of 300 mA cm�2 for comparison with the

voltage loss data given in Fig. 2. The impedance spectrum of

a fuel cell with high metal loading and with a low metal

loading is shown in Fig. 9(a) and (b), respectively. The

impedance spectrum of the full-cell consists of cathode and

anode impedance. As can be seen Fig. 7, a large portion of

the impedance corresponds to the cathode impedance

because the anode impedance is small. In Fig. 9, it is found

that the polarization resistance increases with increasing CO

concentration and the change of polarization resistance of a

fuel cell with low metal loading is larger than that of one

with high metal loading. Since the cathode is little influ-

enced by CO concentration, this change of polarization

resistance in a full-cell is due to an increase in anode

impedance.

4. Conclusions

The effects of CO gas and anode-metal loading on H2

oxidation in a PEMFC are investigated by ac impedance

spectroscopy and voltage loss measurements. As the CO

concentration increases, the voltage loss increases and is

smaller for a fuel cell with high metal loading than one with

a low metal loading because of vacant active sites. The

polarization resistance of the charge-transfer reaction (high-

frequency arc) and hydrogen dissociative chemisorption

(medium-frequency arc) increase with increasing CO con-

centration. The gas-phase diffusion (low-frequency arc) is

almost independent on CO concentration. The polarization

resistances for charge-transfer and hydrogen dissociative

chemisorption in a fuel cell with low metal loading are

larger than that in one with high metal loading, and increase

greatly with increasing CO concentration. At high tempera-

ture, the cathode impedance is the main part because the

anode impedance is small. At low temperature and high CO

concentration, the impedance of a full-cell depends on the

anode impedance. It is found that CO gas has little effect on

cathode impedance.
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