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bstract

This study examines the effect of hydrogen peroxide (H2O2) on the open-circuit voltage (OCV) of a proton exchange membrane fuel cell
PEMFC) and the reduction of H2O2 in the membrane using a ruthenium/carbon catalyst (Ru/C) at the anode. Each cathode and anode potential
f the PEMFC in the presence of H2O2 is examined by constructing a half-cell using 1.0 M H2SO4 solution as an electrolyte and Ag/AgCl as the
eference electrode. H2O2 is added to the H2SO4 solution and the half-cell potential is measured at each H2O2 concentration. The cathode potential
s affected by the H2O2 concentration while the anode potential remains stable. A Ru catalyst is used to reduce the level of H2O2 formation through

2 cross-over at the interface of a membrane and the anode. The Ru catalyst is known to produce less H2O2 through oxygen reduction at the
node of PEMFC than a Pt catalyst. A Ru/C layer is placed between the Nafion® 112 membrane and anode catalyst layer and the cell voltage
nder open-circuit condition is measured. A single cell is constructed to compare the OCV of the Pt/C only anode with that of the Ru/C-layered

node. The level of hydrogen cross-over and the OCV are determined after operation at a current density of 1 A cm−2 for 10 h and stabilization at
pen-circuit for 1 h to obtain an equilibrium state in the cell. Although there is an increase in the OCV of the cell with the Ru/C layer at the anode,
xcessive addition of Ru/C has an adverse effect on cell performance.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Proton exchange membrane fuel cells (PEMFCs) are receiv-
ng much attention due to their promising properties as a power
ources for small-scale [1–3] and large-scale [4–6] applications.
everal degradation mechanisms for the long-term stability have
een investigated. In particular, studies of the degradation of
afion® membranes due to hydrogen peroxide, which is formed

s a by-product [7–9] have been conducted by many research

roups [10–14]. The membrane and membrane electrode assem-
ly (MEA) become very unstable in the presence of H2O2 due
o its strong oxidative characteristics. There are two different
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echanisms for H2O2 generation. The first is O2 reduction at
he cathode during operation, as expressed by [11]

2 + 2H+ + 2e− → H2O2 (1)

The other pathway is based on O2 cross-over from the cathode
hrough membrane to the anode side, which provides the O2
eeded to react with hydrogen and produce H2O2 [11,12], i.e.:

Pt + H2 → 2PtH (2)

PtH + O2 → Pt + H2O2 (3)
Hydrogen peroxide in itself does not attack the polymer elec-
rolyte membrane. Rather, it reacts with trace metal ions to form
H• and HO2

• radicals that attack membrane [15,14]. The pro-
ess for producing hydroxyl radicals is known as the Fenton
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eaction [16–20], i.e.:

e2+ + H2O2 → Fe3+ + •OH + OH− (4)

2O2 + •OH → H2O + •OOH (5)

Thus, research on the reduction of hydrogen peroxide genera-
ion must be investigated to prevent degradation of the membrane
nd to obtain long-term PEMFC stability.

This study investigates the direct effect of H2O2 on the OCV
f the cell instead of membrane degradation. The presence of
2O2 in the membrane, which was produced by O2 cross-over,

s confirmed by measuring the OCV using half-cell equipment.
n addition, a Ru/C catalyst is used at the anode to reduce the
evel of H2O2 production.

. Experimental

.1. Half-cell test

Fig. 1 shows a schematic diagram of the half-cell structure.
he working electrode was composed of Pt/C, a gas-diffusion

ayer (GDL) and a Pt wire. The Pt/C was coated with as much as
.4 mg Pt cm−2 on one side of the Nafion® 112 membrane and
he opposite side of the membrane was left uncoated in order
o come in direct contact with the H2SO4 solution. The counter
lectrode, reference electrode and electrolyte were glassy car-
on, Ag/AgCl and 1.0 M H2SO4, respectively. Either O2 or
2 was fed to the cell at a rate of 50 mL per min with no
umidification. When O2 was fed into the cell, the reaction at
he working electrode corresponded to the cathodic reaction of

he PEMFC. Hydrogen was applied to the anodic side of the
EMFC. Therefore, the potential of the anodic and the cathodic
alf-cell could be measured. 1.0 wt.% H2O2 was added slowly
o the 1.0 M H2SO4 solution to determine the effect of H2O2 on

Fig. 1. Schematic diagram of half-cell.

s
a
s
i
t
M
T
a

5
m
m
a
c
a

2

p
b
w
T
u
fi
C
w
u

Fig. 2. Schematic diagram of Ru/C layered MEA.

alf-cell potential. The H2O2 concentration in the H2SO4 solu-
ion was increased to 100 ppm. Dilution of the H2SO4 solution
as ignored because the amount of H2O2 added was very small.
t each concentration, the potential was measured after allow-

ng 30 min for stabilization. All measurements were carried out
t 25 ◦C and at atmospheric pressure.

.2. Unit-cell test

.2.1. Preparation of membrane electrode assembly (MEA)
Standard MEA. A Nafion® 112 membrane was pretreated

equentially with 5 wt.% H2O2, de-ionized water, 1.0 M H2SO4
nd de-ionized water at 80 ◦C for 30 min. A 40 wt.% Pt/C (John-
on Matthey) catalyst, a 5 wt.% Nafion® solution (Dupont) and
sopropyl alcohol were mixed under sonication, sprayed on to
he Nafion® 112 membrane, and dried at 50 ◦C for 3 h. The dried

EA was pressed for 2 min at 10 MPa and room temperature.
he Pt loading at both the anode and cathode was 0.4 mg Pt cm−2

nd the effective area of the MEA was 25 cm2 (5 cm × 5 cm).
MEAs with a Ru catalyst layer. A 40 wt.% Ru/C (E-tek), a

wt.% Nafion® solution (Dupont) and isopropyl alcohol were
ixed, and sprayed on to the anodic side of a Nafion® 112
embrane, as shown in Fig. 2. The Ru loading was set at 0.05

nd 0.1 mg Ru cm−2. A Pt/C catalyst for the anodic part was
oated on to the Ru/C layer using the same method described
bove for the standard MEA.

.2.2. Single-cell construction
The fuel gas was pure hydrogen and the oxidant gas was

ure oxygen. The gases were humidified by passage through
ubble-type humidifiers. The relative humidity of the inlet gases
as controlled by adjusting the temperature of the humidifiers.
he reactant gases were fed to both the anode and cathode
sing a mass-flow controller through a graphite plate with

ve serpentine channels, which was used as a bipolar plate.
arbon paper (10BC, SGL Carbon) with a thickness of 430 �m
as placed on both sides of the MEA to distribute the gas
niformly on the catalyst layer. For gas sealing, a 300 �m thick
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olytetrafluoroethylene (PTFE) sheet was placed between the
EA and bipolar plate. Finally, a stainless-steel end-plate was

sed to fix the cell structure.

.2.3. Polarization measurements
The cell temperature was fixed to 70 ◦C and all experiments

ere carried out at atmospheric pressure. The O2/H2 gas flow
as maintained at a stoichiometric ratio of 1.5 at both the anode

nd the cathode. The temperature of the gas lines to the anode
nd the cathode were always set to 5 ◦C above the cell tem-
erature in order to prevent water condensation. The humidifier
as set at 65 and 58 ◦C for the anode and the cathode, respec-

ively. Before measuring polarization curves, each MEA was
perated for 12 h at 70 ◦C and a current density of 1.0 A cm−2 for
tabilization.

. Results and discussion

.1. PEMFC half-cell potential

Under open-circuit conditions, H2O2 is produced at the anode
y O2 cross-over. The H2O2 diffuses through the membrane
o the cathode and becomes electrochemically oxidized at the
athode to cause an internal current because the cathode potential
f the PEMFC under open-circuit conditions is about 0.9–1.0 V
versus SHE), which is much higher than that of H2O2 oxidation,
.e.:

2O2 ↔ O2 + 2H+ + 2e− (0.68 V versus SHE) (6)

Therefore, the OCV of the PEMFC can be affected by both of
2 cross-over and H2O2 diffusion from the anode side, if there

s H2O2 production at the interface of a membrane and the anode
atalyst layer.

The effect of H2O2 in the membrane on the anode and cathode

otential of the PEMFC is shown in Fig. 3. The anode poten-
ial of the PEMFC is unaffected by H2O2 concentrations up
o 100 ppm, which is due to the large exchange current den-
ity of the H2 oxidation reaction. The exchange current density

ig. 3. Half-cell potential of anode and cathode as function of H2O2 concentra-
ion.
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Fig. 4. Schematic diagram of half-cell using MnO2 layer.

s much larger than that for the O2 and H2O2 reduction reac-
ion so that a small amount of internal current cannot affect the
node potential of the PEMFC. On the other hand, on the cath-
de side, H2O2 can be oxidized electrochemically, which can
ause a decrease in the cathode potential. Therefore, the cath-
de potential of the PEMFC decreases with increasing H2O2
oncentration. In order to confirm that the electrochemical oxi-
ation of H2O2 is responsible for the decrease in the cathode
otential, another half-cell was applied using a MnO2 catalyst,
s shown in Fig. 4. The electrochemical oxidation of H2O2 on the
t catalyst is prevented by placing a mixture containing MnO2
articles and Nafion® ionomer on the opposite side of the Pt/C
atalyst layer to decompose the H2O2 and prevent migration
hrough the membrane. Note, MnO2 is a well-known catalyst
or the catalytic decomposition of H2O2 [21–24]. Therefore,

nO2 can decompose H2O2 chemically in advance of the elec-
rochemical reaction with Pt/C. The results obtained from the
alf-cell with a MnO2 layer show that the cathode potential
s not affected by the H2O2 concentration in the absence of
lectrochemical oxidation of H2O2, as shown in Fig. 5. There-
ore, it is reasonable that the decrease in the cathode potential
n the half-cell is mainly due to the electrochemical oxidation of

2O2.

.2. Ru/C addition to anode

H2O2 is formed as an intermediate during O2 reduction on
arious precious metal catalysts. In particular, in the potential
egion of 0–0.2 V (versus NHE), the level of H2O2 production
n the Pt catalyst is much higher than in the other potential

ange, i.e., 0.2–1.0 V versus SHE [14,16,17]. This is related to H2
dsorption on the Pt surface. In the potential range of 0–0.2 V, the
t surface is covered with hydrogen atoms through H2 adsorption
nd dissociation so that there is an insufficient number of active
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Fig. 5. Half-cell potential of cathode using MnO2 layer.

ites for H2O2 reduction, which is initiated by H2O2 adsorption
o form initially PtOH by the following reaction [25]:

Pt + H2O2 ↔ 2PtOH (7)
PtOH + 2H+ + 2e− ↔ 2Pt + 2H2O (8)

Reduction of H2O2 on the Pt catalyst in 1.0 M H2SO4 solu-
ion with 100 ppm H2O2 at 25 ◦C is shown in Fig. 6(a). The

Fig. 6. Linear sweeps for H2O2 reduction using (a) Pt/C and (b) Ru/C.
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Fig. 7. Open-circuit voltages of three different MEAs at 70 ◦C.

2O2 reduction reaction is suppressed severely at a potential of
–0.2 V (versus SHE) so that the reduction current is decreased
ramatically. In the case of the Ru catalyst, however, H2 adsorp-
ion does not occur on the surface of the Ru catalyst so that the
issociation and reduction of H2O2 is easier than that than on the
t catalyst [26–29]. As shown in Fig. 6(b), there is no dramatic
ecrease in the reduction current between 0 and 0.2 V versus
HE in the case of the Ru catalyst.

During open-circuit conditions, the H2O2 concentration in
he membrane increases due to O2 cross-over. If the anode cata-
yst layer of the PEMFC consists of Ru/C, there is less H2O2 in
he membrane at open-circuit. On the other hand, the Ru catalyst
s much less active for H2 oxidation than the Pt catalyst so that
t is difficult to use Ru/C for the anode catalyst layer instead
f Pt/C. Nevertheless, considering that the amount of O2 cross-
ver is small, a very thin layer of Ru/C might reduce the O2 in
dvance of Pt/C. This means that all of the O2 that crosses over
rom the cathode to the anode can be reduced on the Ru catalyst
nd produce less H2O2.

The OCVs of single cells using three different MEAs are
hown in Fig. 7. Each OCV was measured for 2 h after opera-

ion at a current density of 1 A cm−2 for 10 h and stabilization
t open-circuit for 1 h to obtain an equilibrium state in the cell.
here is an increase in OCV with the Ru/C layer at the anode.
oth MEAs with 0.05 and 0.1 mg Ru cm−2 have higher OCVs

Fig. 8. H2 cross-over of three different MEAs at 70 ◦C.
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Fig. 9. Polarization curves of three different MEAs at 70 ◦C.

han that of the MEA without a Ru/C layer. If the amount of
2 cross-over is maintained at a similar level, and other effects

uch as the cell temperature and humidification are not changed,
he OCV of the each MEA should have almost the same value.
he data in Fig. 8 indicate that there is almost no difference in

he amount of H2 cross-over in all three MEAs. Therefore, there
ust be other reactions that can affect the OCV. The electro-

hemical oxidation of H2O2 at the cathode can be considered to
e one of the reactions that can cause an internal current in the
ell such as H2 cross-over. In other words, the H2O2 concentra-
ion in the membrane is lower in the MEA with a Ru/C layer at
he anode than in the MEA without a Ru/C layer. Consequently,
hese results correspond to the fact that less H2O2 is produced
n the Ru catalyst than on the Pt catalyst. Too much addition of
u/C may, however, provide resistance against ion conductivity
ecause H+ ions produced at the Pt/C layer during operation
eed to pass through the Ru/C layer, as shown in Fig. 9.

. Conclusions

This study has examined the effect of H2O2 on the OCV
f a PEMFC and the reduction of H2O2 concentration in the
embrane using a Ru/C catalyst at the anode.
A half-cell was constructed using 1.0 M H2SO4 as an elec-

rolyte. The cathode potential of the PEMFC decreased with
ncreasing H2O2 concentration. This test showed that the elec-
rochemical oxidation of H2O2 at the cathode is one of the

ossible reactions that causes an internal current in the cell such
s H2 cross-over.

A Ru/C layer, which is placed between a membrane and the
node catalyst layer, helps to reduce the H2O2 concentration in

[

[
[
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he membrane. There is an increase in cell OCV, which means
hat the H2O2 concentration in the membrane is lower in the

EA with a Ru/C layer at the anode than that of a MEA with
o such layer.
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