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This study investigated transient CO poisoning of a proton-exchange membrane fuel cell under either a
fixed cell voltage or fixed current density. During CO poisoning tests, the cell performance decreases over
time. Experiments were performed to identify which method yields better performance in CO poisoning
tests. The results revealed that a change in cell voltage did not affect the stable polarization behavior after
CO poisoning of the cell. On the other hand, a higher fixed current density yielded better tolerance of
52.7 ppm CO. The air bleeding technique was then applied using different timings for air introduction
during CO poisoning tests. Air bleeding significantly improved the CO tolerance of the cell and recovered
the performance after poisoning, regardless of the timing of air introduction. The effects of different
anode catalyst materials on cell performance were also investigated during poisoning tests. Without
air bleeding, a Pt–Ru alloy catalyst exhibited better CO tolerance than a pure Pt catalyst. However, the
air bleeding technique can effectively increase the CO tolerance of cells regardless of the type of catalyst
used.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The proton-exchange membrane fuel cell (PEMFC) is currently
the focus of much attention because it runs at quite a low temper-
ature, is highly efficient and quiet, and offers quick start-up. There-
fore, PEMFCs are suitable for use in stationary and transportation
applications. A PEMFC has an anode side, a cathode side, and a
sandwich in between a solid polymer electrolyte membrane.
Hydrogen and oxygen are fed into the anode and cathode, respec-
tively. Platinum is the catalyst material predominantly used for an-
odes and cathodes because it exhibits high and stable activity for
electro-oxidation of hydrogen and reduction of oxygen [1,2]. At
the anode, hydrogen is oxidized into hydrogen ions and electrons.
Protons diffuse through the membrane to reach the cathode, while
electrons travel to the cathode, generating an electric current. Fi-
nally, hydrogen ions, electrons and oxygen at the cathode undergo
a reduction reaction to generate water. Direct storage of hydrogen
is difficult, so hydrocarbon fuels such as methanol, methane, and
gasoline are passed through a fuel reformer to generate hydrogen
for injection into fuel cell. However, the fuel reformer also pro-
duces a reformate gas containing carbon dioxide, carbon monox-
ide, and trace levels of other impurities. In fact, active adsorption
of CO by the catalyst causes the Tafel reaction to become the
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rate-determining step and critically affects PEMFC performance.
Dhar et al. [3] studied the effect of CO poisoning in PEMFC systems.
They found that Pt catalysts were sensitive to poisoning by low lev-
els of carbon monoxide. They also showed that the CO poisoning
problem became much more severe at lower temperatures. Hence,
the problem of CO poisoning needs to be solved for PEMFCs.

Many theoretical and experimental studies have addressed
improvement of PEMFC CO tolerance. Various investigators have
suggested techniques to reduce the effect of CO poisoning. These
comprise increasing the ability to catalyze CO oxidation, weaken-
ing the adsorption of CO by the catalyst, and addition of an oxidant
to the anode fuel stream to allow CO oxidation.

Replacing platinum as the anode catalyst by Pt–Ru alloys, such
as Pt–Ru [4–7], Pt–Sn [8,9], and Pt–Mo [10,11], can improve the CO
tolerance. Ham et al. [12] demonstrated that Pt supported on mes-
oporous tungsten carbide (WC phase) was an effective CO-tolerant
electro-anode catalyst for hydrogen oxidation. A Pt/nanoporous
WC catalyst showed twofold higher mass activity and much im-
proved resistance to CO poisoning for hydrogen electro-oxidation
compared to a commercial Pt/C catalyst.

Another way to improve CO tolerance is to feed an oxidant to
the anode. The bleeding oxidant can be air or oxygen. A method
for removing CO from the fuel cell involves feeding the fuel with
a small amount of air or oxygen (air bleeding) [13–15]. Air bleeding
into an impure anode fuel stream can generate an oxidative surface
environment at the anode Pt catalyst, so CO is removed by oxida-
tion to form CO2. Thus, this technique is useful in improving CO
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Table 1
Operational and experimental conditions.

Cell temperature 65 �C
Humidification temperature Anode: 80 �C, cathode: 70 �C
Backpressure Anode, cathode: 1 atm
Fuel flow rates H2: 10.4 cm3 min�1 A�1

O2: 7 cm3 min�1 A�1

Min. fuel flow rates H2: 104 cm3 min�1 A�1

O2: 70 cm3 min�1 A�1

Stoichiometry H2: 1.37, O2: 1.84

Experiment 1
Feeding fuel Anode: H2, H2 + CO

Cathode: O2

Transient conditions Fixed fuel cell voltage: 0.5, 0.6, and 0.7 V
Fixed current density: 600, 1000, and 1200 mA/cm2

CO concentration 52.7 ppm

Experiment 2
Feeding fuel Anode: H2, H2 + CO, H2 + CO + air bleeding

Cathode: O2

Transient condition Fixed current density: 800 mA/cm2

CO concentration 10.1, 25, and 52.7 ppm
Air bleeding timing 30 and 3 min

Experiment 3
Feeding fuel Anode: H2, H2 + CO, H2 + CO + air bleeding

Cathode: O2

Transient condition Fixed current density: 800 mA/cm2

CO concentration 52.7 ppm
Anode catalyst Pt–Ru alloy and Pt
Air bleeding timing 30 min
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tolerance. Shi et al. [16] reported that a PEMFC with a novel diffu-
sion layer exhibited better performance than a traditional cell for a
feed gas containing 100 ppm CO/H2 and 2% air. The results revealed
that Au particles in the diffusion layer were active in the water gas
shift reaction at low temperature. Chu et al. [17] used air bleeding
to overcome CO poisoning and applied the technique in a PEMFC
stack. Chen et al. [18] reported that injection of 4% air was suffi-
cient to restore fuel cell performance. They found that air dosing
for 10 s at intervals of 10 s yielded a similar result to that for con-
tinuous air bleeding, except for 100 ppm CO. These results confirm
that the CO tolerance of PEMFCs and performance recovery after
poisoning can be improved by air bleeding.

In the present study, we investigated the improvement in
PEMFC CO tolerance for the air bleeding technique. First, we de-
fined suitable test poisoning conditions for PEMFCs that included
fixing the cell voltage and the current density. The experimental
results reveal which condition yields better CO tolerance and al-
low identification of the different parameters for the two meth-
ods. Second, we injected air into the anode fuel stream and
investigated whether air bleeding could improve the PEMFC CO
tolerance. Transient CO poisoning tests of long (30 min) or short
duration (3 min) were applied. As the test duration was reached,
air was injected into the anode fuel stream. The results were
used to determine the air injection rate for a given CO concen-
tration in the fuel stream that can effectively improve the CO
tolerance and restore cell performance. Finally, we used a pure
Pt catalyst to perform CO poisoning tests with and without air
bleeding and the results were compared with those for a Pt–
Ru alloy catalyst.
2. Fabrications and measurements

A PRIMEA series 5561 commercial membrane electrode assem-
bly (MEA) from Gore was used in all fuel cell experiments in this
study. Two-sided carbon paper backing with a thickness of
0.4 mm was used for the gas diffusion layer. The geometric active
area of the membrane was 25 cm2 and the cell border area was
100 cm2. The MEA catalyst loads were 0.45 mg/cm2 Pt–Ru alloy
(1:1) on the anode and 0.6 mg/cm2 Pt on the cathode. Graphite
was used as the material for the flow field plates. A double-channel
serpentine (with channel and rib widths of 0.1 cm each and a chan-
nel depth of 0.1 cm) was used for both the anode and cathode sites.
The anode and cathode flows were co-current. The current collec-
tor was of gold-plated copper. The current collector board con-
ducted electric current from the cell. Eight bolts were fastened
into holes on one of the end plates, and the cell was compressed
with a torque of 120 kgf cm.

The experimental conditions for these tests were fixed. The fuel
flow rates for the anode and the cathode, determined from the the-
oretical volume flow rate that could generate 1 A, were 7.6 and
3.8 cm3 min�1 A�1 for hydrogen and oxygen, respectively. The rate
for the anode was multiplied by the stoichiometric ratio of 1.37 to
yield a value of 10.4 cm3 min�1 A�1, whereas that for the cathode
was multiplied by 1.84 to yield 7 cm3 min�1 A�1. The cathode stoi-
chiometric ratio exceeds that of the anode because oxygen is less
reactive. The backpressure on the anode and cathode sides was
1 atm. The cell temperature was held at 65 �C and the temperature
of the anode and cathode humidifiers was held at 80 �C and 70 �C,
respectively. These temperatures mean that the fuel is sufficiently
humid to cross through the membrane, yielding optimum cell per-
formance at the operating temperature of 65 �C. Table 1 summa-
rizes the operational and experimental conditions used for the
fuel cell.

The fuel cell test station consisted of an electronic load, MFC
readout power supply, gas pipelines, controller, etc.
3. Results and discussion

Transient CO poisoning experiments were first carried out un-
der fixed cell voltage or fixed current density to identify which ap-
proach yields better CO tolerance. Then the timing effects of air
bleeding during CO poisoning tests at fixed current density were
investigated. Long (30 min) and short (3 min) poisoning durations
were tested and compared. Finally, the effects of different catalysts
(Pt and Pt–Ru) on CO poisoning tests with and without air bleeding
were investigated.

3.1. Poisoning effects of fixed cell voltage and current density

In fixed voltage experiments, voltage values of 0.5, 0.6, and
0.7 V were tested. In experiments using a fixed current density,
the settings chosen were 600, 1000, and 1200 mA/cm2. In these
tests, pure hydrogen was fed to the anode in the first 5 min, then
changed to H2/CO at a CO concentration of 52.7 ppm. The cell per-
formance varied with time. Poisoned polarization curves were
determined when the cell performance after poisoning reached a
steady state.

3.1.1. Poisoning effects of fixed cell voltage
The results of CO experiments at fixed cell potential of 0.5,

0.6, and 0.7 V are shown in Fig. 1. In general, when the fuel
was changed to H2/CO, the cell performance in terms of the
resultant current density decayed very quickly. This is because
the operating temperature of the fuel is always maintained at
65 �C, at which CO has a stronger tendency than H2 to adsorb
onto the Pt catalyst. In other words, CO blocks active sites on
the catalyst when present in the reaction chamber. Therefore,
fewer active sites are available for hydrogen reaction, which de-
creases the cell performance.

As shown in Fig. 1, the current density decreased from
735 mA/cm2 (pure H2) to a stable value of 370 mA/cm2 after
65 min of poisoning at 0.7 V. For a fixed cell voltage of 0.6 V,
the current density decreased from 1460 mA/cm2 (pure H2) to



Fig. 1. CO poison and recovery performance at fixed cell potential. Fig. 2. Baseline, CO poison and recovery polarization curves for different CO
poisoning conditions (0.5, 0.6 and 0.7 V).
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530 mA/cm2 after 40 min. For 0.5 V, the decrease was from 2200
to 700 mA/cm2 after 35 min. These observations demonstrate
that the decrease in performance was faster at the lower fixed
voltage. A lower cell voltage produces a higher current density,
which requires a higher fuel flow rate. Consequently, a higher
amount of CO is supplied, leading to higher accumulation and
adsorption of CO in the reaction chamber. Finally, competition
between hydrogen and CO for adsorption on the Pt–Ru catalyst
reaches a steady state. The time required to reach a steady state
is mentioned above for each fixed voltage.

When a steady state was reached, the anode fuel was changed
back to pure hydrogen, with no CO in the anode fuel stream. Ad-
sorbed CO is then either desorbed from catalyst surface by hydro-
gen or oxidized at the Pt–Ru catalytic anode. The cell performance
exhibited almost simultaneous recovery on introduction of pure
hydrogen, as shown in Fig. 1. However, the recovery reached only
�80% of the original performance after 30 min of purging with
pure hydrogen, indicating that CO was still adsorbed on active sites
of the catalyst and could not be removed completely.

Fig. 2 shows baseline, poisoned and recovered polarization
curves for different poisoning conditions (0.5, 0.6, and 0.7 V). It is
significant that for a CO concentration of 52.7 ppm, the steady state
poisoning polarization curves are almost coincident, regardless of
the fixed voltage value chosen during CO tests carried out under
the same conditions. This implies that at a given CO concentration,
hydrogen and CO adsorption reactions on the Pt–Ru catalysts exhi-
bit a fixed balance state or constant polarization behavior. The only
difference observed was the duration required to reach the steady
state.

Fig. 2 also shows that the recovery rate after purging with pure
hydrogen was faster for lower cell voltage during CO tests. The rea-
son is similar to that discussed for the poisoning effect observed in
Fig. 1. At lower voltage the cell reaches a higher current density,
which requires a higher fuel flow rate that may accelerate CO
desorption from the catalyst. The other reason is that a low voltage
induces CO oxidation, thus removing it from the catalyst. There-
fore, CO experiments at a lower fixed voltage, such as 0.5 V, exhib-
ited a better recovery rate (>85%) in Fig. 2. This explains the
different polarization behaviors and performance recovery at dif-
ferent fixed voltages (0.5, 0.6, and 0.7 V).
3.1.2. Poisoning effects of fixed current density
Transient poisoning tests were also performed at different fixed

current density. Fig. 3 shows cell voltage curves for fixed current
density of 600, 1000, and 1200 mA/cm2. In this case, cell perfor-
mance, expressed as cell voltage, decayed very rapidly when the
H2/CO (52.7 ppm) fuel stream was introduced. CO introduction
caused an increase in anode potential and a relative decrease in cell
potential because CO adsorption blocked active sites on the cata-
lyst. The performance after CO poisoning finally reaches a steady
state, as shown in Fig. 3. For a fixed current density of 600 mA/
cm2 the cell voltage decayed from 0.725 V to a stable value of
0.550 V at 50 min after introduction of 52.7 ppm CO in the anode
fuel stream. The voltage decay was from 0.662 V to 0.410 V after
45 min at 1000 mA/cm2 and from 0.632 to 0.355 V after 30 min
at 1200 mA/cm2. Thus, a higher fixed current density resulted in
a faster poisoning rate. The reason is same as that discussed for
Fig. 1.

However, a slightly different phenomenon is evident between
test carried out at fixed voltage and those at fixed current density.
In the latter, the cell voltage sometimes exhibited oscillation after
the poisoned performance reached a steady state, as shown in
Fig. 3, whereas no such phenomenon was evident in tests at fixed
voltage (Fig. 1). CO adsorption can increase the anode potential and
a higher current density causes a higher anode potential. These ef-
fects quickly lead to the potential at which CO oxidation occurs,
resulting in local CO removal from the catalyst and thus a slight
recovery in cell voltage. Interaction between CO adsorption and
oxidation reactions results in a feedback loop that causes the volt-
age oscillation observed.

Fig. 4 shows baseline, poisoned and recovered polarization curves
for different poisoning conditions (600, 1000, and 1200 mA/cm2).
Better CO tolerance is evident when the cell is fixed at a higher cur-
rent density (1200 mA/cm2) during CO tests. In this case, CO poison-
ing is indicated by a decrease in cell voltage. CO poisoning always
leads to an increase in anode potential and a decrease in overall cell
performance. However, CO on the catalyst surface can take part in
oxidative reactions if the anode potential reaches the onset potential
for CO oxidation. CO oxidation over Pt–Ru catalysts occurs at an
anode potential of approximately 0.2 V [9]. An anode potential
greater than 0.2 V can increase the CO oxidation rate within a



Fig. 3. CO poison and recovery performance at different fixed current density.
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specific range. From Fig. 3, the increase in stable anode potential in
the presence of 52.7 ppm CO at 600, 1000, and 1200 mA/cm2 can
be calculated as 0.175 V, 0.252 V, and 0.277 V, respectively. A higher
anode potential causes a greater degree of CO removal from the cat-
alyst surface, leading to better CO tolerance. Therefore, 1200 mA/
cm2 led to the best poisoned polarization performance at steady
state (Fig. 4). On the contrary, a fixed cell voltage during poisoning
tests may limit changes in the anode potential. Therefore, CO cannot
be oxidized from the catalyst surface in the stable poisoned state.
The stable values of CO adsorption are the same for all voltage con-
ditions (0.5, 0.6, and 0.7 V), and the steady poisoned polarization
behaviors are almost coincident.

For tests at fixed cell voltage, the discrepancy among stable
polarization curves for different poisoning conditions was not
Fig. 4. Baseline, CO poison and recovery polarization curves for different poisoning
conditions (600, 1000 and 1200 mA/cm2).
significant and the anode polarization curves were very similar.
The potential slope was higher than for test at fixed current density
of 1000 and 1200 mA/cm2. It can be concluded that changing the
current density to a higher value can improve the CO tolerance
but cannot change the stable poisoned polarization behavior dur-
ing experiments at fixed cell voltage.

3.2. Effect of air bleeding timing

The effects of air bleeding on CO tolerance were investigated for
specific air bleeding timings (3 and 30 min after poisoning was
started) and different CO concentrations (10.1, 25, and 52.7 ppm).
The current density was fixed at 800 mA/cm2.

3.2.1. Long poisoning duration (30 min)
To determine the influence of air bleeding on CO tolerance, a

stable baseline performance was first obtained after CO poisoning.
Fig. 5 shows curves obtained at a fixed current density at 800 mA/
cm2 for poisoning tests at CO concentrations of 10.1, 25, and
52.7 ppm after an initial anode fuel stream of pure hydrogen in
the first 5 min. The initial cell voltage for all tests was the same
(0.701 V) in the first 5 min owing to the absence of CO poisoning.
The cell voltage then decayed with time when CO was introduced
into the fuel stream. The voltage reached a steady potential of
0.417 V for 52.7 ppm CO in 40 min, 0.476 V for 25 ppm CO in
85 min, and 0.588 V for 10.1 ppm CO in 3.5 h. Thus, the higher
CO concentration, the faster were the poisoning and voltage decay
rates. A higher CO concentration has a greater probability of block-
ing active sites on the catalyst surface and causing more serious CO
poisoning. The curve for 52.7 ppm CO shows oscillating potential
after the steady poisoned potential was reached. The anode poten-
tial may have reached the onset potential for CO oxidation in this
situation. This would lead to CO desorption from the catalyst sur-
face and thus a sudden recovery in cell voltage. The interaction
between adsorption and desorption results in voltage oscillation.
The 25 and 10.1 ppm CO curves reveal that the anode potential
did not reach the onset potential for CO oxidation. Therefore, the
cell voltage did not oscillate after reaching a steady state. The
anode fuel was changed back to pure hydrogen when the steady
state was reached (Fig. 5), after which the cell voltage recovered
Fig. 5. Different concentrations of CO poisoning tests and recovery performance at
a fixed current density at 800 mA/cm2.
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very quickly since CO was removed from the catalyst surface by
pure hydrogen. The cell performance recovered to a value of
�0.675 V after purging with pure hydrogen for 30 min.

Fig. 6 shows steady polarization curves for different CO concen-
trations and the baseline curve for pure hydrogen. A higher CO poi-
soning concentration resulted in lower cell output. The cell power
decreased to 0.223 W/cm2 at 0.51 V for 52.7 ppm CO, representing
only 20% of the baseline performance (1.163 W/cm2). For 10.1 ppm
CO, the power output decreased to 0.641 W/cm2, which is half of
the baseline value, at a cell potential of 0.51 V. Even the Pt–Ru alloy
catalyst could not significantly decrease the CO poisoning for low CO
concentrations. After purging with pure hydrogen for 30 min the
polarization recovered to 80% of the baseline performance at 0.51 V.

The results for air bleeding during 30-min poisoning with
52.7 ppm CO are shown in Fig. 7a and b. In the initial 250 s. dura-
tion, a baseline by feeding pure hydrogen in this experiment was
obtained to insure to reach a steady state. Then, impure hydrogen
containing 52.7 ppm CO was fed to the anode. Air was introduced
into the anode fuel stream after 30 min of CO poisoning. The initial
cell potential was 0.701 V at a current density 800 mA/cm2.

Fig. 7a is a plot of cell voltage versus time and shows the cell
voltage recovery for different air bleeding ratios (2%, 3%, and 4%)
in the anode fuel stream. The results indicate that the cell poten-
tials recovered very quickly when air was introduced into the fuel
stream after 30 min. The reason is that oxygen absorbs onto the
catalyst and drives the oxidation reaction with CO to form CO2.
Therefore, CO is depleted from the catalyst surface and more of
the active sites become available for hydrogen and further oxida-
tion reactions. This leads to a decrease in anode potential and
recovery of the cell potential. It is apparent that the air bleeding
technique can improve the CO tolerance of PEMFCs. The rate of
performance recovery also increased with the air ratio. The cell po-
tential recovered to 0.681, 0.684, and 0.687 V for air bleeding ratios
of 2%, 3%, and 4%, respectively. Moreover, it took approximately
15 min after air injection into the fuel stream for the cell potential
to recover to a steady value.

Curves for air bleeding ratios from 2% to 8% are shown in Fig. 7b.
The cell potential recovered to a constant value (0.687 V) even for
an air ratio of 8%. An interesting phenomenon is that there was no
further improvement in CO tolerance for air ratios greater than 4%.
Fig. 6. Baseline, CO poison and recovery polarization curves for different CO poison
conditions (600, 1000 and 1200 mA/cm2).

Fig. 7. (a) Cell voltage versus time and shows the cell voltage recovery for different
air bleeding ratios (b) Curves for air bleeding ratios from 2% to 8%.
Thus, the optimum air ratio for bleeding was 4% for 52.7 ppm CO.
This is because CO adsorption and desorption due to the presence
of oxygen reach a steady state, and air ratios greater than 4% make
no further contribution.

The majority of the O2 consumed is for H2 oxidation and only a
small fraction is for CO oxidation. O2 reacts with H2 at the anode to
produce H2O. On the contrary, an air bleeding ratio greater than 8%
may cause a decrease in cell performance. Excess O2 lessens the
amount of H2 that can be oxidized on the catalyst surface. On the
other hand, H2 oxidation generates heat on the catalyst surface,
which may destroy the anode catalyst and the cell membrane to
cause a loss of cell performance. Thus, the air bleeding technique
is useful in improving the CO tolerance, but a suitable air ratio is
a critical factor.

Fig. 8 shows the steady polarization behaviors as a function of
the air bleeding ratio after 30-min poisoning with 52.7 ppm CO.
It is evident that an increase in air ratio from 2% to 4% increases



Fig. 9. The recovery polarization curves at steady state after air bleeding for 52.7,
25 and 10.1 ppm CO.
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the cell performance. Comparison of the recovered polarization
curves after air bleeding to that without air bleeding reveals a
remarkable improvement in cell performance using this technique.
The cell performance can recover to over 94% of the baseline level
at the same current density using 4% air bleeding. The performance
recovery rates for different current densities are also shown. For
example, a recovery rate of 98% was obtained for 4% air bleeding
at 800 mA/cm2. However, the recovery rate was only 94.3% at
2000 mA/cm2. At 2000 mA/cm2 the baseline and recovery voltages
were 0.544 V and 0.513 V, respectively. This is because the anode
potential linearly increases with the cell current density and leads
to different recovery rate at different current densities.

Two further CO concentrations were tested during 30-min poi-
soning experiments. The experimental procedures were the same
as for 52.7 ppm CO.

Fig. 9 showed the corresponding steady state recovery polariza-
tion curves after air bleeding for 52.7, 25, and 10.1 ppm CO. For
10.1 ppm CO in the anode fuel stream, injection of 1.5% air yielded
optimum CO tolerance for the fuel cell, with >97% recovery com-
pared to the baseline level under the same current density. For
25 ppm CO, injection of 3% air into the anode fuel stream yielded
optimum CO tolerance, with >96% recovery.

3.2.2. Short poisoning duration (3 min)
Experiments with 3-min CO poisoning were carried out using

similar procedures to those for the 30-min poisoning, with the only
difference being the poisoning duration. The previous 30-min CO
poisoning experimental results showed that the optimum air
bleeding ratios were 4% for 52.7 ppm CO, 3% for 25 ppm CO, and
1.5% for 10.1 ppm CO, respectively. Accordingly, air bleeding ratios
were also tested from 4% to 1.5% in this 3-min CO poisoning case.
However, the resultant performances of recovery rates for different
air bleeding ratios were found insignificant among these experi-
ments. Therefore, only the optimum air ratios for each CO concen-
tration were presented in Fig. 10a–c.

Plots of cell voltage versus time were shown in Fig. 10a–c. The
initial cell potential was 0.701 V at a current density of 800 mA/
cm2. Similar to that of Fig. 7, a baseline of pure hydrogen was con-
structed in the duration of initial 250 s, then, various concentra-
tions of CO with hydrogen were fed to the anode. There was
little if any decrease in cell voltage (0.698–0.701 V) for all CO con-
Fig. 8. The steady polarization behavior with different air bleeding ratios after
30 min 52.7 ppm CO poisoning.
centration after 3 min of poisoning. Then air was injected into the
anode fuel stream and the system reached a steady state approxi-
mately 20 min later. For 3% air bleeding, optimum CO tolerance
was obtained when the anode fuel stream contained 52.7 ppm
CO. The cell potential was 0.693 V at a current density of
800 mA/cm2 and 98.9% of the baseline performance was recovered
(Fig. 10a). Only 1.5% air was required for optimum CO tolerance
(0.696 V) for 25 ppm CO, with 99.3% recovery of the cell potential
(Fig. 10b). Owing to the limits of the air bleeding flow meter, the
flow rate could not be set to less than 1% of full capacity
(500 cm3/min). Thus, to determine the optimum air bleeding ratio
for 10.1 ppm CO, air bleeding in periodic mode was investigated.
The air dosing duration was set to 10 s at intervals of 10 s. Periodic
bleeding of 1.5% air yielded the best CO tolerance (0.697 V) in 3-
min poisoning tests (Fig. 10c).

Fig. 11 shows steady state polarization curves after air bleeding
during 3-min CO tests. It is evident that the CO tolerance can be
effectively improved if air is introduced into the anode fuel stream
in the initial poisoning stage (3 min). The cell performance could
be recovered to >97% of the baseline level at the same current den-
sity. At the lower CO concentrations (10.1 and 25 ppm), the effect
of CO poisoning can almost be completely abolished using the air
bleeding technique.

3.3. Effect of different catalyst components

The effects of different anode catalysts (pure Pt and Pt–Ru alloy)
on CO tolerance were investigated. Literature reports [4–7] indi-
cate that Pt–Ru alloy catalysts yield better CO tolerance for fuel
cells. In general, the anode catalyst in commercial MEAs is usually
Pt–Ru alloy and the cathode catalyst is always pure Pt. Because the
activity of oxygen is lower than that of hydrogen, a higher loading
of Pt on the cathode is required for catalysis. A commercial Gore
MEA was used as the fuel cell in the present study, with Pt–Ru
and pure Pt loadings of 0.45 mg/cm2 and 0.6 mg/cm2, respectively.
In the present study, we used pure Pt as the anode catalyst for
comparison purposes. However, no such design is available in a
commercial MEA. Therefore, we switched the cathode to the anode
and vice versa, yielding Pt–Ru as the cathode catalyst and Pt as the
anode catalyst. Under these conditions, the baseline performance is



Fig. 10. (a), (b) and (c) Transient air bleeding tests for different CO poison
concentrations (52.7, 25 and 10.1 ppm), the timing of air bleeding is 3 min.

Fig. 11. Steady state polarization curves after air bleeding during 3 min.

Fig. 12. Curves for the Pt–Ru and Pt anode catalysts.
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expected to differ from that of the original configuration owing to
the different loadings. This leads to difficulties in direct compari-
son of CO tolerances for the two cases. However, useful informa-
tion can still be obtained for CO poisoning tests with and
without air bleeding for the two configurations.

The procedure for CO poisoning tests was exactly the same as
for the previous two sections. The cell current density was fixed
at 800 mA/cm2 and the anode was fed with pure hydrogen for
the first 5 min, then changed to H2/52.7 ppm CO. During these
tests, the timing for air introduction was 35 min.

Fig. 12 showed curves for the Pt–Ru and Pt anode catalysts. The
cell voltage decreased very quickly when CO was present in the an-
ode fuel. The initial cell voltage was 0.701 and 0.657 V for the Pt–
Ru and Pt anode catalysts, respectively. After switching the anode
and cathode catalyst layers, the cathode loading was 0.45 mg/cm2,
which is less than the original loading of 0.6 mg/cm2. The lower
loading led to lower baseline performance and initial potential
(0.657 V) during transient tests. In the original case with a Pt–Ru
anode catalyst, a steady state was reached after 45 min during
CO poisoning tests and the cell voltage decreased to 0.417 V
(59.5%). In the switched case with a pure Pt anode, the voltage de-
creased to a stable poisoned value of 0.303 V (46%) after 47 min.
Thus, the Pt–Ru anode catalyst exhibited better CO tolerance, with
less of a decrease in cell voltage compared to the Pt anode (Fig. 12).
Alloying with Ru decreases the adsorption of CO onto the Pt surface
and catalyzes CO oxidation and removal from the Pt surface.
Although the Pt–Ru catalyst can improve the CO tolerance of the
fuel cell, the decrease in CO poisoning effect was not very signifi-
cant. Even with Pt–Ru as the anode catalyst, the cell performance
exhibited a substantial decrease on poisoning with 52.7 ppm CO,
especially after 30-min poisoning. The anode fuel was changed
back to pure H2 when the CO poisoning effect reached a steady
state. The curves in Fig. 12 indicate that the cell voltage recovered
rapidly for both Pt and Pt–Ru anode catalysts because purging with
H2 changes the equilibrium. The Pt–Ru catalyst exhibited faster
recovery of the cell voltage after purging with H2, indicating that
Pt–Ru can remove CO more effectively.

Fig. 13 shows steady state baseline, poisoned and recovery
polarization curves for the two anode catalysts. The baseline polar-
ization for the Pt anode catalyst is only 70% of that of the Pt–Ru, as
previously explained. The poisoned polarization curve for the Pt



Fig. 13. Steady state baseline, poisoned and recovery polarization curves for the
two different anode catalysts.

Fig. 15. Steady state polarization curves for different anode catalysts and the
different concentrations of air bleeding.
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anode reveals a current density of only 137 mA/cm2, which is less
than 10% of the baseline performance (1744 mA/cm2) at a cell volt-
age is 0.496 V. When the CO poisoning effect reaches a steady state,
almost all of the active sites on the surface of the pure Pt catalyst
are occupied by CO. The Pt–Ru catalyst exhibited better CO toler-
ance compared to the pure Pt catalyst. However, the cell perfor-
mance was still only 20% (437 mA/cm2) of the baseline value
(2280.8 mA/cm2) at a cell voltage of 0.51 V. There was an obvious
recovery of cell performance after purging with pure H2 for 30 min.

It has been verified that air bleeding can effectively improve the
tolerance of the cell to 52.7 ppm CO for an anode catalyst of Pt–Ru.
Fig. 14 shows transient curves for 52.7 ppm CO poisoning and air
bleeding using pure Pt as the anode catalyst. CO (52.7 ppm) was
Fig. 14. Transient curves for 52.7 ppm CO poison and air bleeding using pure Pt as
the anode catalyst.
introduced into the anode fuel stream after 5 min of pure H2, then
air is injected into the stream after 35 min of poisoning. It is evi-
dent that the cell voltage recovered quickly after air injection into
the anode fuel stream. The cell exhibited optimum CO tolerance at
a dose of 7% air and the cell voltage recovered to 0.649 V (98.8%) at
a current density of 800 mA/cm2. This demonstrates that air bleed-
ing can increase the CO tolerance and improve the cell perfor-
mance regardless of the type of anode catalyst (Pt or Pt–Ru). The
Pt–Ru anode catalyst exhibited an optimum recovery rate of 98%
when 4% air was introduced. The recovery rate was 98.8% with
7% air bleeding when the anode catalyst was pure Pt. This higher
recovery can be attributed to the higher loading (0.6 mg/cm2) for
the Pt anode compared to the original (0.45 mg/cm2), leading to
greater O2 adsorption and greater CO desorption from the Pt sur-
face. Note that the poisoning rates were different for different poi-
soning durations, as explained in the previous section. However,
the difference in poisoning rates was greater for pure Pt than for
Pt–Ru at the anode catalyst. It was observed that the poisoning rate
increased with the number of poisoning tests carried out. This may
be because the interval between convective tests was too short and
the catalyst properties may have changed after repeated poisoning
experiments.

Fig. 15 shows the steady state polarization curves for different
anode catalysts and the percentage of air bleeding. Without air
bleeding the Pt–Ru anode catalyst exhibited better CO tolerance
than the pure Pt catalyst. The air bleeding technique remarkably
improved the CO tolerance for both Pt–Ru and pure Pt anode
catalysts.

4. Conclusions

The study investigated that CO poisoning tests at a fixed current
density. The results showed that a higher current density increased
the cell CO tolerance. The anode potential reached the onset poten-
tial for CO oxidation at higher fixed current density, leading to CO
removal from the Pt surface. The effects of air bleeding at different
timings (3 and 30 min) during CO poisoning tests were also investi-
gated for CO concentrations of 52.7, 25, and 10.1 ppm. Air bleeding
technique improved successfully the cell CO tolerance and recovery
of the poisoned performance regardless of the timing of the air intro-
duction. Moreover, the effect of CO poisoning almost disappeared for
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25 and 10.1 ppm CO. The effects of different catalysts (Pt–Ru alloy
and pure Pt) on the cell performance during CO poisoning tests with
and without air bleeding were investigated. Air bleeding could effec-
tively increase the CO tolerance, regardless of the type of anode cat-
alyst (pure Pt or Pt–Ru) used to perform CO poisoning tests.
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