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bstract

Water is produced at the cathode of proton-exchange membrane fuel cells (PEMFC). If water were not being removed effectively, it would
ccumulate at the cathode of PEMFC causing the electrode flooding. The consequence is oxygen starvation, thus increasing the concentration
verpotential of the cathode. In the worst scenarios, a proton (H+) reduction reaction (PRR), instead of the oxygen reduction reaction (ORR),
ight occur at the cathode. Not only will this cause a cathode potential drop, but the output voltage of a single cell would likely be reversed

ue to oxygen starvation. This phenomenon is termed the voltage reversal effect (VRE) in this paper. To study and resolve the VRE problem, a
nO2–Pt/C composite electrode was used to replace the conventional Pt/C electrode. The authors suggest that the electrochemical reduction of
nO2 in the composite electrode has almost the same Nernstian potential as the ORR, which would serve as a substitute for the ORR in the case

f oxygen starvation. Thus, the voltage reversal effect caused by the PRR could be avoided. Two environments, N2- and O2-saturated H2SO4,
ere adopted to simulate two cases, i.e., O2 starvation and O2 rich. It was found that MnO2–Pt/C can prevent the voltage reversal effect to a

ertain extent. In a N2-saturated 1 M H2SO4 solution, the current density of the Pt/C electrode made of 0.6 mg Pt cm−2 was close to 0, while for the
nO2–Pt/C composite electrode made of 0.4 mg Pt cm−2 and 0.8 mg MnO2 cm−2, it was as high as 10 mA cm−2. Though the current generated on

he MnO2–Pt/C composite electrode in the case of oxygen starvation is not as great as that in the case when oxygen rich, it might be high enough
or some cases, such as powering a radio, hearing-aid and so like miniature devices. In an O2-saturated 1 M H2SO4, the presence of MnO2 in a

nO2–Pt/C composite electrode primarily plays a catalytic role in the ORR. It enhances the catalytic behavior of Pt for the ORR. The impedance

pectra of MnO2–Pt/C and Pt/C electrodes were carried out for the two gases in bubbled electrolyte, which further confirmed that MnO2 in the
omposite electrode does substitute for oxygen as an electron-acceptor in the case of oxygen starvation. The discharged MnO2 can then be restored
o its initial state, regardless of whether it is in oxygen rich or starved conditions.

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

In contrast to batteries, which are energy storage devices,
uel cells can in principle produce power endlessly as long as
uel and oxidant are fed to the anode and cathode, respectively.

ince the only by-products of the electrochemical reaction in a
uel cell are heat and water, fuel cell (FC) technology offers the
rospect of zero-emission energy production for applications

∗ Corresponding author. Tel.: +86 23 60891548; fax: +86 23 65106253.
E-mail address: zdwei@cqu.edu.cn (Z.D. Wei).
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anging from stationary power generation for electrical utilities
o urban transportation. The proton-exchange membrane fuel
ell (PEMFC) has recently been the focus of intense research and
evelopment for powering the next generation of road vehicles,
or distributed power generation as well as for powering small
ortable devices such as cellular phones and laptop computers.
ow operating temperatures (ca. 80 ◦C) and a relatively simple
esign make the PEMFC a potential candidate for powering

he next generation of non-polluting automobiles. The operating
rinciple of a PEMFC is as follows: at the anode, fuel H2 is
xidized liberating electrons and producing protons. The free
lectrons flow to the cathode, via an external circuit, where they
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ombine with the dissolved oxidant O2 to produce water and
eat.

In a PEMFC, hydrogen and oxygen react electrochemically
o form water, producing electricity and heat. Several coupled
uid flow, heat and mass transfer processes occur, which have a
ignificant impact on thermal and water management and mass
ransport limitations. While thermal management is necessary
o remove the heat in order to prevent overheating and dehy-
ration of the membrane, proper water management ensures
hat the membrane remains fully hydrated and therefore main-
ains good ionic conductivity and hence performance. Thus, two
perational issues, (i) thermal and water management and (ii)
ass transport limitations, are particularly important. In a typical
EMFC design, the water content is maintained by humidifying

he reactant gases. At higher current densities, the excess product
ater is removed by convection via the air stream, and the rate
f removal is controlled by judiciously adjusting the moisture
ontent, pressure drop and temperature in the flow channels.

It is possible that one or more membrane–electrode assem-
lies (MEAs) in a stack, or even a complete stack in a multi-stack
ystem, will show a reversal in polarity during fuel cell opera-
ion. Various circumstances can result in a fuel cell being driven
nto voltage reversal by other cells in the series stack. Irreversible
amage may be caused to the MEAs by such cell reversal inci-
ents. Fuel and oxidant starvation can occur during a sudden
hange in reactant demand such as start-up and load change [1].

Mass transport limitations are associated with the use of air
s the cathodic reactant, and are responsible for a drastic dete-
ioration in performance above a certain current density. This
s attributed to the lack of oxygen reaching the catalyst, creat-
ng oxygen under-stoichiometry or “starvation” at the cathode.
nder steady state conditions, the net mass flow rate of oxygen

nto the system is equal to the oxygen consumed by the elec-
rochemical reaction. In transient conditions, in particular a step
ncrease in power requirement from the fuel cell, the supply of
xidant to the system lags behind the demand causing a shortage
f oxygen and possible local starvation of oxygen for the reac-
ion. An electrical fan tapping power from the fuel cell itself is
ormally used to ensure that no oxygen starvation occurs [2–4].
lthough the fan can solve the problem of oxygen starvation, it
ries out the membranes and offsets the improvement in perfor-
ance due to the power consumption incurred by the fan.
In case excessive water at the cathode is not removed effec-

ively, it would accumulate at the cathode causing the electrode
ooding. The consequence is oxygen starvation, thus increas-

ng the concentration overpotential of the cathode. Worse still,
proton (H+) reduction reaction (PRR), instead of the normal
xygen reduction reaction (ORR), occurs at the cathode.

In the case of oxygen starvation, the ORR

2 + 4H+ + 4e = 2H2O (E0 = 1.23 V) (1)

ould be replaced by the PRR,
H3O+ + 2e− = H2 + 2H2O (E0 = 0.00 V) (2)

In consideration of the polarization as the current flows
hrough each single cell connected in series in a stack, the output

a
P
(
c

ources 160 (2006) 246–251 247

oltage of a particular single cell that is under oxygen starva-
ion would be likely reversed due to the change of the electrode
eaction from the ORR to the PRR. This phenomenon is known
s the voltage reversal effect (VRE) in this paper. As long as the
RE appears, the output of the stack will be seriously impaired.
In developing a complete miniaturized power delivery sys-

em, where it is possible to operate a fuel cell passively without
ny active control over the water flow in and out of the device,
erformance enhancements can be achieved if one is able to
ove the water within the device from where it is produced in

xcess to where it is often depleted. At higher current densities,
owever, the water produced at the cathode can condense and
uild-up that blocks oxygen transport to the cathode. Particularly
n the case where there is no active air movement to enhance the
emoval of water, the water content at the cathode can build-
p until flooding occurs. The problem of flooding is often even
reater in methanol fuel cells, where, in addition to the water
roduced at the cathode, the water from the methanol solution
t the anode also crosses over to the cathode. Thus, in order to
uccessfully design a portable fuel cell for electronic devices, the
hole system must be taken into consideration. There are many

ystem-level issues to be considered in developing a complete
iniaturized power delivery system. These issues include air
ovement (oxidant supply), fuel delivery, water management,

hermal management, power load management and system inte-
ration [5–7].

Water management is one of the critical issues to be solved in
he design and operation of PEM fuel cells. Especially, in case
f small fuel cells operated at room temperature water flood-
ng may appear [4]. If active control of the water management
annot be guaranteed due to size and power demand of auxil-
ary equipment, passive possibilities of intervention are required.
ne alternative is to manipulate the characteristic of the used dif-

usion or backing layers [4,8]. The present work focuses on the
RE caused by cathode flooding. To study and resolve the prob-

em of VRE, a MnO2–Pt/C composite electrode is designed to
eplace the conventional Pt/C electrode. It is based upon the fact
hat the electrochemical reduction of MnO2 has almost the same
ernstian potential as ORR as shown below:

nO2 + 4H+ + 2e = Mn2+ + 2H2O (E0 = 1.23 V) (3)

The reaction (3) can replace the ORR in the case of oxy-
en starvation. Thus, the VRE resulted from the PRR could be
voided without the use of a fan to scavenge the excessive water.
he objective of this study is thus devoted to resolving this flood-

ng problem with the development of a novel cathode consisting
f MnO2 and Pt/C.

. Experimental

Electrodes were prepared as described previously [9]. In
hort, for the measurements described in this study the

uthors used commercially available catalysts of 40 wt.%
t/C (Johnson–Matthey) and Electrolytic Manganese Dioxide
EMD) powder widely used in dry battery industries. Carbon
loth (Shanghai Xinxing Carbon Co., China) was used as the
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ubstrate for the supported catalyst. A suspension consisting of
atalysts MnO2 and Pt/C, Nafion solution (diluted to 0.5 wt.%),
nd iso-propanol was first ultrasonically mixed for about 15 min,
hen pipetted onto the Teflon-treated carbon cloths and finally
eated at 80 ◦C. The electrochemical measurements were con-
ucted in a three-electrode configuration. A saturated silver
hloride electrode (SSCE) and a Pt wire electrode were used as
he reference electrode and the counter electrode, respectively.

After preparation, the electrodes were immersed in O2- or
2-saturated 0.05 M H2SO4 to simulate the situation of oxygen

ich and oxygen starvation, respectively. Current densities are
ormalized either to the geometric area of the carbon clothes
4 cm2) or to the Pt-loadings of the electrode. All measurements
ere conducted at the room temperature (ca. 20 ◦C).

. Results and discussion

Figs. 1 and 2 show the chronoamperometry of electrodes
t/C (Fig. 1) with loadings of 0.6 mg cm−2 and MnO2–Pt/C
Fig. 2) with loadings of 0.4 mg Pt cm−2 and 0.8 mg MnO2 cm−2
n O2- and N2-saturated 0.05 M H2SO4 and subjected to poten-
ial jumps from 0.9 to 0.1 V. In the case of oxygen starvation, the
athodic current was almost close to zero for the Pt/C electrode
ubjected to step potential drops. On the contrary, a considerable

ig. 1. Chronoamperometry of Pt/C electrode with loadings of 0.6 mg Pt cm−2

n O2- and N2-saturated 1 M H2SO4 as the potential jumps from 0.9 to 0.1 V.

ig. 2. Chronoamperometry of MnO2–Pt/C electrode with loadings of
.4 mg Pt cm−2 and 0.8 mg MnO2 cm−2 in O2- and N2-saturated 1 M H2SO4

s the potential jumps from 0.9 to 0.1 V.
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athodic current was produced for the composite MnO2–Pt/C
lectrode. Obviously, the cathodic current in the case of oxy-
en starvation is attributed to reaction (3). In the case of oxygen
ich conditions, both the Pt/C and MnO2–Pt/C electrodes gen-
rated a considerable amount of oxygen reduction current as the
otential dropped steeply. Since the current densities are nor-
alized with respect to the Pt-loadings of the electrode, more

urrent was actually obtained from the composite MnO2–Pt/C
lectrode than from the Pt/C electrode as shown in Fig. 3. This
mplicitly implies that introduction of MnO2 into the catalyst
t/C did not only alleviate, to a certain extent, the problem of
RE in the case of oxygen starvation, but also played a syn-

rgistic role with Pt/C in the ORR in the case of oxygen rich
onditions. This is easily understood because MnO2 has been
sed as a catalyst for the ORR [10].

The four one-electron steps in reactions (4)–(7) shown below
ere studied by calculating the activation energies with one or

wo additional H2O molecules coordinated to the transferring
roton [11–13]. It was found that the activation energies of reac-
ions (4)–(7) decreased in the sequence of (6) > (4) > (5) > (7).
his conclusion coincides with the fact that most of the cata-

ysts only accelerate a two-electron reduction of O2 to produce
2O2.

2 + H+ (aq) + e− → HOO• (aq) (4)

OO• (aq) + H+ (aq) + e− → H2O2 (aq) (5)

2O2 (aq) + H+ (g) + e− → HO• (aq) + H2O (l) (6)

O• (aq) + H+ (aq) + e− → H2O (l) (7)

The two two-electron transfer processes plus one dispropor-
ionation reaction about the ORR on MnO2 were suggested as
ollows [14]:

2 + H2O + 2e− → HO2
− + OH− (8)

O2
− + H2O + 2e− → 3OH− (9)
HO2
− → O2 + 2OH− (10)

MnO2 was considered to be a good catalyst for further reduc-
ion of HO2

− [14]. The excellent activity of MnO2 for the

ig. 3. Chronoamperometry of electrodes Pt/C with loadings of 0.6 mg Pt cm−2

nd MnO2–Pt/C with loadings of 0.4 mg Pt cm−2 and 0.8 mg MnO2 cm−2 in

2-saturated 1 M H2SO4 as the potential jumps from 0.9 to 0.1 V.



Z.D. Wei et al. / Journal of Power Sources 160 (2006) 246–251 249

F 0.23 m −2 −2 −2

i

r
M

t
T
i
i
r
e
H
o
w
i

c
p
p
t
c
I
d
t
e
o
r

r
t
a
w
s
O
v
t
t
T
i
t
l
i
t
a
t
f

2

M

T
T

P

R
R
Y
n

T

R
n

ig. 4. Impedance spectra at 0.3 V for electrodes MnO2–Pt/C with loadings of
n N2-saturated (1) and O2-saturated (2) 1 M H2SO4.

eactions (9) and (10) substantially speeds up the ORR at the
nO2–Pt/C composite electrode.
The impedance spectra of the MnO2–Pt/C and Pt/C elec-

rodes are shown in Fig. 4 and further confirm the above analysis.
he parameters of the equivalent circuit corresponding to the

mpedance spectra of Fig. 4 are summarized in Table 1. With the
ntroduction of MnO2 into the Pt/C catalyst, the Faradic reaction
esistance in N2-saturated H2SO4 drops from 196 � for the Pt/C
lectrode to 3 � for the MnO2–Pt/C electrode. In O2-saturated
2SO4, no unfavorable result can be observed with the addition
f MnO2 as shown in Table 1. However, excessive MnO2 would
orsen the performance of the composite MnO2–Pt/C electrode

n the case of O2 rich conditions [15].
According to the experimental results shown above, we can

onclude that MnO2 in the composite electrodes serves the pur-
ose of substituting O2 for use in case of oxygen starvation. This
rompted a question that “can the discharged MnO2 be restored
o its initial state?” If not, the loaded MnO2 will soon be fully
onsumed if the starvation persists for a sufficiently long period.
n this case, the MnO2–Pt/C composite electrode would be no
ifferent from an ordinary Pt/C electrode. An experiment was

herefore designed to elucidate this argument. The composite
lectrode was first discharged to a certain current in a state of
xygen starvation to a given potential, then the discharge cur-
ent was interrupted and checked to see if the electrode potential

t
r

able 1
he parameters of the equivalent circuit corresponding to the impedance spectra of F

arameter N2

Pt–MnO2/C Pt/C

1 (�) 4.0 (2.0) 13.0 (0.4)

2 (�) 3.04 (3.1) 196.04 (13.9)

0 1.2 × 10−3 (10.7) 2.0 × 10−3 (3
0.85 (2.7) 0.89 (1.1)

otal error 9.1 × 10−3 2.4 × 10−2

1 and R2 are the electrolyte resistance and Faradic reaction resistance. Y0 together w
= 0, the electrode/electrolyte interface is equivalent to a resistance; if n = 1, a capaci
g Pt cm and 0.46 mg MnO2 cm and Pt/C with loadings of 0.3 mg Pt cm

eturned to its value before discharging. The study revealed that
he discharged MnO2 readily recovered to its initial state in an
erated solution [16]. N2- and O2-saturated H2SO4 electrolytes
ere alternatively used at the stage of the potential recovery as

hown in Fig. 5. The results show that, regardless of the N2- and
2-saturated H2SO4 electrolytes, the electrode potential rises up
ery rapidly at first and then gradually climbs to a stable poten-
ial close to the open-circuit potential. The difference caused by
he types of bubbled gases used is quite small as shown in Fig. 6.
he slightly higher recovery potential in the O2-saturated than

n the N2-saturated H2SO4 electrolyte is due to the reaction (1)
hat imposes a positive potential of 1.23 V on the electrode, thus
eading to a higher potential. The rapid rise in potential in the
nitial stage of the recovery is due mainly to quick adjustment of
he electrode/electrolyte interface after the current interruption,
s discussed previously [17,18]. The gradual increase in poten-
ial during most of recovery time is thought to result from the
ollowing two reactions.

MnOOH + 2H+ = MnO2 + 2H2O + Mn2+ (11)

nOOH = MnO + H+ + e (12)
2

The reaction (11) was only taking place on the surface of
he MnOOH and should proceed quickly. On the contrary, the
eaction (12) is a process in which the protons on the surface of

ig. 4

O2

Pt–MnO2/C Pt/C

2.0 (0.3) 1.9 (0.6)
2.54 (8.1) 2.85 (28.3)

.8) 5.4 × 10−2 (2.8) 1.7 × 10−2 (2.0)
0.80 (2.8) 0.81 (6.6)

1.5 × 10−2 1.6 × 10−2

ith n specifies the property of the electrode/electrolyte interface. n ∈ (0, 1); if
tor. Data in parentheses are the relative error of fitting.
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Fig. 5. Chronopotentiometry of MnO2–Pt/C electrode during rest in O2 and N2 altern
in N2-saturated 1 M H2SO4 (segment A–B).
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Fig. 6. Superposition of segment B–C in Fig. 5.

he MnOOH diffuse inside the MnOOH. This process is slow
nd needs a longer time to complete [19].

. Conclusions

From the experimental results, the following conclusions can
e drawn with respect to the MnO2–Pt/C composite electrodes
or limiting the voltage reversal effect with polymer electrolyte
embrane fuel cells.
It has been found that MnO2–Pt/C can limit the voltage rever-

al effect to a certain extent. In a N2-saturated 1 M H2SO4, the
urrent density of the Pt/C electrode made of 0.6 mg Pt cm−2

as close to 0 mA cm−2, while for the MnO2–Pt/C compos-
te electrode made of 0.4 mg Pt cm−2 and 0.8 mg MnO2 cm−2,
t was as high as 10 mA cm−2. Though the improvement is not
reat, it might be high enough for some cases, such as powering
radio, hearing-aid and so like miniature devices. It illustrates
hat the introduction of MnO2 into the Pt/C catalyst not only
an alleviate, to a certain extent, the problem VRE in the case
f oxygen starvation, but also play a synergistic role with Pt/C
n catalysis of the ORR in the case of oxygen rich conditions.

[

[

atively saturated H2SO4 (segment B–C–D) after discharge at current of 10 mA

he impedance spectra of the MnO2–Pt/C and Pt/C electrodes
urther confirm that MnO2 in the composite electrode does sub-
titute for oxygen as an electron-acceptor in the case of oxygen
tarvation. The discharged MnO2 can recover to its initial state
egardless of oxygen rich or oxygen starvation conditions. Thus,
t may be possible to apply the proposed composite MnO2–Pt/C
lectrode for practical use.
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