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a b s t r a c t

Fuel starvation during start-up and shut-down processes can adversely affect the performance of proton-
exchange membrane fuel cells. In this study, fuel starvation is induced intentionally by supplying hydrogen
and air to the negative electrode (anode) side alternately, and the individual electrode potential is mea-
sured in situ using a dynamic hydrogen electrode. The positive electrode (cathode) potential is increased
to 1.4 V when air/hydrogen boundaries developed on the anode side. The development of a high cath-
ode potential causes oxidation of the carbon support with the amount of CO2 evolution proportional to
the cathode potential above 1.0 V. Above ∼1.2 V, CO and SO are generated electrochemically or chem-
Polymer electrolyte membrane fuel cell
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ically and the rate of CO production is higher than that of SO2. Although a higher cathode potential is
induced irrespective of the cell temperature, oxidation of the carbon support is retarded significantly at
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tart-up/shut-down low temperatures.

. Introduction

Proton-exchange membrane fuel cells (PEMFCs) have been
nvestigated as sustainable energy sources for electrical vehicles
nd residential power generation. However, PEMFCs are confronted
ith a lack of reliability and durability under low-temperature

peration and fuel starvation during the start-up and shut-down
rocesses. These adverse conditions deteriorate the electrode
aterials during long-term operation and thereby limit the com-
ercialization of PEMFCs.
PEMFCs employ carbon as a catalyst support for the Pt elec-

rode because it has a high surface area and good chemical stability.
ince carbon has a low equilibrium potential for carbon corrosion,
s shown in the following reactions:

+ 2H2O → CO2 + 4H+ + 4e−,E0 = 0.207 Vvs.SHE (1.1)

+ H2O → CO + 2H+ + 2e−,E0 = 0.518 Vvs.SHE (1.2)

t can be thermodynamically unstable at potentials above equilib-
ium potential. Although the rate of carbon oxidation is negligible
uring normal operation of PEMFCs [1], it has been suggested that

arbon corrosion can occur at potentials greater than the open-
ircuit voltage (OCV) [2,3]. The OCV of a cell is close to the potential
f the positive electrode (cathode) because the overpotential for
he negative electrode (anode) reaction is quite low. Previous stud-
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ies examined carbon corrosion in a half-cell test and reported that
carbon oxidation occurs above 1.0 V vs. SHE [4–7]. The cathode
potential increases to a high potential when fuel starvation occurs
on the anode side during the start-up and shut-down processes,
resulting in corrosion of the cathode carbon support [8–11]. The
potential shift to a higher value on the cathode was attributed to
the existence of air/fuel boundary on the anode [2]. Direct in situ
measurements of the cathode potential during fuel starvation of a
PEMFC was recently reported [12] but the relationship between the
cathode potential and carbon oxidation was not fully examined.

In this study, a dynamic hydrogen electrode (DHE) is installed
as a reference electrode inside a PEMFC and used to measure
the individual anode and cathode potentials in situ during diverse
operations of the cell. The effect of fuel starvation on the cell
performance and carbon oxidation is examined by intentionally
constructing an air/fuel boundary by blowing air into the anode
gas channel. The cathode potential is measured continuously dur-
ing fuel starvation and the gas products produced on the cathode
side are identified and analyzed quantitatively using a FT-IR spec-
trometer connected to the fuel cell system. The direct relationship
between the cathode potential and the formation of gaseous prod-
ucts, i.e., CO2, CO and SO2, is investigated.

2. Experimental
The performance tests were carried out using a single cell with a
membrane electrode assembly (MEA) with an active area of 25 cm2.
The MEA had a platinum loading of 0.4 mg cm−2 on both the anode
and cathode sides and a membrane thickness of 18 �m.
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An edge-type dynamic hydrogen electrode (DHE) was installed
n membrane to investigate the individual electrode potential
ehaviour during fuel starvation [13–15]. Two electrodes of DHE
ere made of 0.2 mm Pt wires and placed on the cathode side
ear the air/hydrogen inlet. Before the measurements, hydrogen
as supplied to the anode and the potential between the DHE and

node was adjusted to zero by controlling the current of the DHE
ystem.

Fig. 1 shows the profile of the hydrogen gas flow rate for an
ccelerated fuel starvation operation experiment of the PEMFC. Suf-
cient hydrogen (99.999% hydrogen) fuel was supplied to the anode
nd a stable OCV of ∼0.9 V was obtained at t1. The hydrogen sup-
ly was stopped at t1 and 30 ml min−1 of air (20.9% O2 in N2) at
TP (standard temperature and pressure) was forced into anode
ide. When the cell potential decreased to 0.1 V at t2, the air supply
as interrupted and the hydrogen gas supply was resumed. The

ir (20.9% O2 in N2) flow rate to the cathode was maintained at
0 ml min−1 during the fuel-starvation experiment. The effects of
he fuel-starvation temperature on the carbon oxidation and cell
erformance were investigated.

The potentials of the anode and cathode were measured in situ
ith a DHE, and the cell potential was recorded simultaneously
sing a multi-channel voltage logger (Graphtec, GL500). The prod-
ct gases generated on the cathode during fuel starvation were

dentified and analyzed using a Fourier Transform Infrared Spec-
rometer (FT-IR, Photal IG-2000) installed at the cathode outlet.
he cell performance was interpreted from the current–voltage
urves using electronic loads (Daegil Electronics, EL 500P). The
mpedance spectra were measured at the OCV using a potentio-
tat and galvanostat/log-in amplifier (Zahner, IM6). The frequencies
nvestigated ranged from 2 kHz to 40 mHz with a ±5 mV amplitude.
uring the current–voltage test and impedance operation, the cell

emperature was set to 70 ◦C and the inlet gases were fully humid-
fied. The thickness of the cathode layer was measured from field
mission scanning electron microscopy images (FE-SEM, Hitach S-
300).

. Results and discussion

Fig. 2 shows the cell voltage and electrode potential relative
o the DHE during the transition from normal operation to accel-

rated fuel starvation. Simultaneously, the potential of the DHE
as recorded to identify the stable operation irrespective of the
arsh environments around the DHE, such as fuel starvation. Fuel
tarvation limits the production of protons and, consequently, the

ig. 1. Profile of hydrogen gas flow rate during accelerated fuel starvation experi-
ent. At t1, 30 ml min−1 of air is forced into the anode side and hydrogen gas flow

ate is resumed at t2.
Fig. 2. Direct measurements of cell potential and electrode potential with DHE.

electro-osmotic drag of water and protons to the cathode reduces
the concentration of protons on the anode side of the membrane.
When the DHE is placed on the anode side, the insufficient amount
of protons limits the mass transfer of protons to the DHE and the
applied current to the DHE system dissociates the water inside the
membrane to hydrogen. The dissociation of water can cause a sud-
den change in the potential of the DHE system, so that it may not
be able to provide a reference point for measuring the electrode
potential. When the DHE is located on the cathode side, its poten-
tial is maintained at a constant value, irrespective of the substantial
change in cell voltage due to fuel starvation. The steady potential of
the DHE provides a stable reference point for measurements of the
individual electrode potential.

When air flows into an anode channel filled with hydrogen fuel,
the cathode potential increases rapidly to 1.4 V and then decreases
slowly; potential remains above 1.0 V for more than 500 s, as shown
in Fig. 2. The cell potential remains at the OCV for 700 s after supply-
ing air to anode because air must pass through the humidifier and
connecting tubes. The increase in the potential of the anode and
cathode at 700 s indicates that oxygen/hydrogen boundaries begin
to form at the anode channel of the cell. Simultaneously, a decrease
in cell potential is observed because of the decreased hydrogen con-
centration inside the cell. When the cell potential reaches 0.1 V at
1550 s, hydrogen fuel is re-supplied to the anode filled with air. The
oxygen/hydrogen boundaries are reformed on the anode channel
and a high cathode potential is induced. On the other hand, the
increase in hydrogen fuel results in a high cell voltage, but only
for a short period because the fast transport of hydrogen rapidly
removes the air/fuel boundary area, relative to air introduction to
an anode filled with hydrogen.

The higher induced cathode potential can be interpreted as
oxidation of the cathode carbon support. The FT-IR spectrum in
Fig. 3 indicates that CO2 generation occurs during fuel starvation.
By contrast, CO2 is not detected during normal fuel-rich opera-
tion.

The anode potential also shifts to a higher value as a result of
the cathodic reaction due to the presence of oxygen on the anode,
i.e., O2 + 4H+ + 4e− → 2H2O. Nevertheless, the cell voltage decreases
slowly, as shown in Fig. 2. Previous mathematical modelling has
suggested that the cathode potential increases with increasing
air/fuel boundary area on the anode [2,3]. The data in Fig. 2 also
shows that the air/fuel boundary exists for more than 10 min.
The relationship between the gas concentration in the cath-
ode outlet and the cathode potential is presented in Fig. 4. The
concentration profile of CO2 resembles the cathode potential tran-
sients. The gas concentrations are analyzed from the following FT-IR
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ig. 3. FT-IR spectra of gases out the cathode outlet: (a) normal operation and (b)
uel starvation.

bsorbance peaks: CO2 at 2280–2390 cm−1 and 613–725 cm−1, CO
t 1985–2260 cm−1, and SO2 at 1290–1415 cm−1. Low CO2 concen-
rations <1000 ppm are analyzed from the absorbance peak area

−1
t 2280–2390 cm and high CO2 concentrations >1000 ppm are
btained from the 613–725 cm−1 peak because the absorbance peak
rea shows a linear relationship with the CO2 concentration in
hese wave number ranges, as shown in Fig. 5. The FT-IR spec-
ra were collected every 8 s and converted to ppm. The distance

ig. 4. Quantitative analysis of cathode outlet gases with change in cathode poten-
ial.
Fig. 5. Relationship between concentration of CO2 and absorbance peak area at dif-
ferent wave number ranges. (a) 2280–2390 cm−1 and (b) 613–725 cm−1, respectively.

between the cathode outlet and FT-IR detector allows the axial dis-
persion of gas along the gas tube, which can cause a long tail of
CO2.

With respect to electrochemical kinetics, it can be assumed that
the highest concentration of CO2 by reaction (1.1) is produced at
the highest potential. By coinciding this highest concentration and
potential on the graph, the concentration of CO2 is definitely a func-
tion of the cathode potential above ∼1.0 V, and the CO2 tail below
1.0 V may be due to dispersion along the flow path to the detec-
tor. The production of CO by reaction (1.2) begins after that of CO2.
The amount of CO production is quite low, as shown in Fig. 4. The
delayed formation of CO can be interpreted by the requirement of a
higher potential above ∼1.2 V. The production of CO is quite impor-
tant because it poisons the active sites of the cathode Pt catalyst.
Surprisingly, SO2 is detected at the potential range of CO genera-
tion but its amount is far less than CO. The source of SO2 may be
either sulfur on the carbon surface or the sulfonate group (–SO3

−) of
the Nafion membrane and ionomer. This indicates that a potential
>1.2 V can induce local heating of the membrane, and the resulting
increase in temperature can generate SO2 through decomposition
of the membrane [16,17]. Nevertheless, the exact source of sulfur

dioxide is unclear. An analysis of the gas products during fuel starva-
tion indicates that the main product of carbon oxidation is CO2, with
CO as a by-product. The loss of the carbon support may cause the
mechanical removal of Pt nanoparticles and significantly decrease
the efficiency of the Pt electrocatalyst.
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ig. 6. Effect of cell temperature on increase in cathode potential during air inlet to
node channel.

The effect of the fuel starvation temperature on the increase in
athode potential is shown in Fig. 6. The potential transients are lit-
le affected by the fuel starvation temperature. On the other hand,
he data in Figs. 7 and 8 suggest that after successive 9 cycles of
uel starvation in Fig. 1 at different temperatures, the deteriora-
ion of the cell performance is quite severe at 70 ◦C but relatively

ild at 30 ◦C. Electrochemical impedance spectra were measured
o understand the difference between zero and nine cycles of fuel
tarvation at different temperatures. The high-frequency resistance
orresponds to the ohmic resistance and can be attributed primarily
o the membrane resistance in a fuel cell system. The low-frequency
esistance represents the charge-transfer resistance at electrode
atalysis. Fig. 8 shows the comparative impedance spectra (open
ymbols) measured before fuel starvation test and after the 9 cycles
closed symbols) at different temperatures. After 9 cycles of fuel
tarvation, the charge transfer resistance increases by 56.7% at 70 ◦C
ut it only increases by 19.9% at 30 ◦C. The slow rate of CO2 elec-

rochemical oxidation at low temperatures may be responsible for
he reduced deterioration of the cell performance, even at a higher
athode potential.

ig. 7. Effect of fuel starvation temperature on current–potential curves. Cell per-
ormance tested at 70 ◦C. Line plot is obtained before applying fuel starvation cycle.
pen symbols represent the effects of the 9 cycles of fuel starvation at different

emperatures.
Fig. 8. Nyquist plots for measured impedance of fuel cell. Open symbols were
obtained before applying fuel starvation cycle and close symbols represent the
effects of 9 cycles of fuel starvation at different temperatures.

The change in OCV at zero current after fuel starvation is shown
in Fig. 7. The impedance measurements at high frequency in Fig. 8
indicate that the membrane resistance increases as a result of fuel
starvation both at 50 ◦C and at 70 ◦C. An increase in membrane resis-
tance due to the blocking of the proton pathways of the membrane
can be related to deterioration of the membrane by the evolution
of SO2 during the acceleration test.

The peak CO2 concentration of each fuel starvation cycle when
air is instilled into the H2-filled channel is shown in Fig. 9. At 30 ◦C,
the CO2 concentration is almost constant regardless of the fuel
starvation cycle number. The rate of CO2 generation is high, how-
ever, and increases rapidly during the initial two cycles at 70 ◦C.
This means that the first cycle activates carbon corrosion on the
active catalyst site. Further cycles of fuel starvation reduce the abso-
lute amount of carbon through conversion to CO2 and CO, and the
concomitant removal of Platinum may decrease the level of CO2
evolution.

Fig. 10 shows that the thickness of the cathode layer measured
near the middle parts of MEAs decreases with increasing num-

ber of fuel starvation cycles at 70 ◦C. The thickness reduction is
greatest during the initial fuel starvation cycle, which coincides
with the CO2 evolution rate shown in Fig. 9. Even after OCV oper-
ation for 15 h, however, there is no decrease in OCV, no increase

Fig. 9. CO2 generation from cathode carbon support with successive cycles of fuel
starvation.
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ig. 10. Thickness variation of cathode layer after successive cycling of accelerated
uel starvation.

n membrane resistance, and no thickness variation of the catalyst
ayer.

. Conclusions

The effect of fuel starvation on cell performance and carbon oxi-
ation is determined by intentionally inducing fuel starvation by
lowing air into the anode gas channel. A dynamic hydrogen elec-
rode is installed as a reference electrode on the cathode side of

he PEMFC and used for the in situ measurements of the individual
node and cathode potential during fuel starvation. Direct mea-
urements of the cathode potential and gas analysis by FT-IR clearly
uggest that an induced high cathode potential causes oxidation of
he carbon support, and thereby degrades the fuel cell performance.
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[

[
[

urces 192 (2009) 674–678

The amount of CO2 evolved is proportional to the cathode potential
above 1.0 V. CO and SO2 are generated either electrochemically or
chemically above ∼1.2 V, and are detrimental to cell performance.
Although a higher cathode potential was induced irrespective of
the cell temperature, oxidation of the carbon support is retarded
significantly at low temperatures.
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