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Abstract

Improvements in the CO tolerance of the anode has been studied with the objective of developing PEFC modules operated with
reformed gas. The CO tolerance of the Pt–Ru alloy anode was improved by reducing its thickness from 40 mm to 20 mm. Maintaining a
saturated steam pressure of the fuel cell anode gas outlet is expected to decrease the influence of CO poisoning. When keeping sufficient
water content in the feed fuel, it was established that the cell performance was stable over a wide range of air-humidification conditions.
Successful operation was achieved with a 1 kW class system utilizing the improved CO-tolerant anode and fuel processor. An output

Ž . 2power of 1.1 kW average cell voltage: 0.62 V was achieved at the current density of 0.3 Arcm . q 2000 Elsevier Science S.A. All
rights reserved.
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1. Introduction

Ž .Polymer electrolyte fuel cells PEFCs are expected to
have use in residential applications. In a previous stage of
work on residential use, a 1 kW class PEFC portable
power unit using pure hydrogen as fuel had been test

w xmarketed since 1998 1 .
In the present stage, several-kilowatt class PEFC power

systems using town gas have been developed under the
Phase 2 of the NEDO program. In order to feed town gas
to the system, a fuel processor is required for reforming
town gas to hydrogen. However, reformed gas contain
10–100 ppm CO. Therefore, improvements of CO toler-
ance and durability of modules operated with reformed gas
are important issues for residential use.

The present objective is to improve CO tolerance and
demonstrate a 1 kW class system under actual operating
condition. In Section 3.1, the effect of the anode on
overpotential is investigated. The relationship between the
humidification condition of the processed gas and CO
tolerance is also investigated. In Section 3.2, the module is

w xtested while adopting an improved anode and reformer 2 .

) Corresponding author.

2. Experimental

2.1. InÕestigation for improÕing CO tolerance of anodes

The polarization of anodes as a function of anode
thickness was simulated and the simulation results were
verified by cell tests of a single cell with an active
electrode area of 25 cm2. Pt–RurC, with the ratio of Pt to
Ru at 1:1, was used as the anode catalyst, and the catalyst
loading was 0.3 mg-Ptrcm2 for both 20 mm and 40 mm
thick catalyst layers. PtrC was used as the cathode cata-
lyst, and the catalyst loading was 0.6 mg-Ptrcm2. Perfluo-
rosulfonic acid polymer membrane thickness of 20 mm
and 50 mm were used as the polymer electrolyte. The cell
tests were run at a cell temperature of 808C and fuel

Ž . Ž .utilization U roxidant utilization U s50%r20%. Thef ox

current density was constant at 0.5 Arcm2. Pure hydrogen
Ž .or CO-containing hydrogen 10–100 ppm COrH bal.2

was used as fuel. Air was used as the oxidant. A single cell
with an active electrode area of 100 cm2 was tested under
the condition of U rU s70%r40% to confirm the influ-f ox

ence of up-scaling.
Moreover, the effect of the humidification condition of

the processed gas on cell performance was also confirmed.
The water content of the inlet gas was calculated from the
humidification temperature of the humidifier. The outlet
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Fig. 1. Results of CO-tolerance characteristics of anodes with thicknesses
of 20 mm and 40 mm using a single cell of 25 cm2: v Anode thickness
of 20 mm, ' Anode thickness of 40 mm.

gas was cooled with the condenser, and the water content
was calculated from the quantity of condensed water. In
this test, pure hydrogen or 100 ppm COrH was used as2

fuel.

2.2. Operation of the modules

Ž 2The cell tests of a 1 kW class module 100 cm =60
. Ž 2 .cells and a two-cell module 100 cm =2 cells were

carried out while using an improved anode. Life-time
characteristics were confirmed by the two-cell module

Žtests operating with simulated reformed gas 10 ppm
.COr20% CO rH bal. of a realistic composition as fuel.2 2

The module was run at a cell temperature of 808C, U rUf ox

s70%r40% and atmospheric pressure. The current den-
sity was constant at 0.3 Arcm2. The initial performance
was confirmed by tests of the 1 kW-class module.

Moreover, the 1 kW system with the improved module
and the improved fuel processor was demonstrated under
actual operating conditions.

3. Results and discussion

3.1. InÕestigation for improÕing CO tolerance of anodes

The anode polarization was simulated with a model
equation based on the parameters obtained from actual

Fig. 2. Current–voltage curves of a single cell with an active electrode
area of 100 cm2.

Fig. 3. Influence of fuel humidification on cell voltage at a current
density of 0.5 Arcm2 and a cathode-humidified condition of 0.85
Ž .P rP : v Cell voltage using H as fuel, ' Cell voltage usingH O satŽ80 . 22

100 ppm COrH balance as fuel, e Cell voltage difference between H2 2

fuel and 100 ppm COrH fuel.2

measurements of anode polarization in a single cell. The
results indicate that a thin catalyst layer performed well
when using reformed gas as fuel. Fig. 1 shows the test
results of CO-tolerance characteristics of anodes with
thicknesses of 20 mm and 40 mm using a single cell with
an active electrode area of 25 cm2. The cell voltage
difference at a fuel composition of pure H was 43 mV,2

and the difference at a fuel condition of 100 ppm CO-con-
taining H was 83 mV. These results show that the2

thickness of the catalyst layer has a significant effect on
anode polarization. Polarization reduction of 40 mV was
observed when changing the anode thickness from 40 to
20 mm. Based on this data, a cell test with an active
electrode area of 100 cm2 was undertaken. The current–
voltage curve of the cell is shown in Fig. 2. The output
power density of 0.204 Wrcm2 was obtained at a current
density of 0.3 Arcm2 while using simulated reformed gas
Ž .10 ppm COr20% CO rH bal. as fuel. The maximum2 2

output power density was over 0.30 Wrcm2. Little differ-
ence was observed between the performance with 25 cm2

Fig. 4. Influence of the amount of air humidification on cell voltage at a
2 Ž .current density of 0.5 Arcm and fuel-humidity of 1.00 P rP :H O satŽ80 .2

v Cell voltage using H as fuel, ' Cell voltage using 100 ppm COrH2 2

balance as fuel, e Cell voltage difference between H fuel and 100 ppm2

COrH fuel.2
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Fig. 5. Relationship between cell voltage and the amount of air humidifi-
cation with two electrolyte membrane thicknesses: v 20 mm, l 50 mm.

and 100 cm2. This result indicates that the gas distribution
and temperature distribution were acceptable in spite of
up-scaling to 100 cm2. The optimization of thickness was
confirmed to be successful in achieving high power den-
sity. Moreover, no significant decline was observed in fuel
utilization tests that used simulated reformed gas as fuel.

In order to understand the factors influencing CO poi-
soning of the anode, the influence of the humidification
condition on the performance of cells was investigated.
Fig. 3 shows the influence of fuel humidification on cell
voltage at 0.5 Arcm2 current density and a cathode-

Ž .humidification condition of 0.85 P rP . PH O satŽ808C . H O2 2

is the dew point of water in fuel, and P is thesat Ž808C.
saturated steam pressure at 808C. The cell voltage differ-

Ž .ence DV between H fuel and 100 ppm COrH fuel2 2

was also plotted. For both H fuel and 100 ppm COrH2 2

fuel, the cell voltages were found to decrease under fuel
humidification of ca. 1.0. Moreover, the cell voltage differ-

Ž .ences DV showed a tendency to increase under fuel
humidification of ca. 1.0. It was also found that CO
poisoning increased with a reduction in fuel humidifica-
tion. Accordingly, we concluded that the anode-humidified
condition has a major influence on the resistance of anodes
to CO poisoning.

Fig. 6. Relationship between cell voltage drop by CO poisoning and
water content in the outlet gas of the anode.

Fig. 7. Relationship between the amount of air humidification and cell
voltage under two conditions of fuel humidification: v , `
P rP 1.48, l, e P rP s1.00.H O satŽ808C . H O satŽ808C .2 2

Fig. 4 shows the influence of the amount of air humidi-
fication on cell voltage at 0.5 Arcm2 current density and

Ž .fuel humidity of 1.00 P rP . The cell voltageH O satŽ808C .2

Ž .difference DV between H fuel and 100 ppm COrH2 2

fuel was also plotted. For both H fuel and 100 ppm2

COrH fuel, the cell voltages showed a maximum at air2

humidification of about 0.8–0.9. Similarly, the cell voltage
Ž .difference DV showed a minimum at air humidification

of about 0.8–0.9. This result shows that CO poisoning
increases with a reduction in the amount of air humidifica-
tion below 0.8–0.9. The flux of water passing through the
membrane from anode to cathode was increased by reduc-
ing the amount of air humidification. Accordingly, there
was a drying of the anode. This suggests that CO poison-
ing is dependent on the drying of the anode by reduced air
humidification. It was also assumed that drying of the
polymer electrolyte in the anode was due to the drying of
the anode side. Consequently, as the reaction sites de-
crease, the CO poisoning increases.

The relationship between cell voltage and the amount of
air humidification with two differing electrolyte membrane

Ž .thicknesses 50 mm and 20 mm is shown in Fig. 5. The

Fig. 8. Relationship between amount of air humidification and water
content at fuel exit: v P rP s1.48, l P rP sH O satŽ808C . H O satŽ808C .2 2

1.00.
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Fig. 9. Life characteristics of a two-cell module with simulated reformed
gas.

cell voltage when using a membrane thickness of 20 mm
was higher, especially under low air humidification. This
result suggests that thinner membranes have higher back
diffusion of water from the cathode, and thus drying of the
anode is prevented even under a low air-humidification
condition. Fig. 6 shows the relationship between cell volt-
age drop by CO poisoning and water content in the outlet
gas of the anode. The water content in the outlet gas of the
anode was varied with the amount of air humidification. In
the non-saturated condition region, that is the region of
P rP s0.8–1.0, the cell voltage drop was de-H O satŽ808C .2

creased by increasing the water content. In the saturated
condition region, that is the region of the P rPH O satŽ808C .2

s1.0–1.2, cell voltage was nearly stable. Fig. 7 shows the
relationship between the amount of air humidification and
cell voltage under two conditions of fuel humidification.
When the amount of fuel humidification was 1.0
P rP , the cell performance was not stable. InH O satŽ808C .2

particular, the cell voltage drop increased under the condi-
tion of low air humidification. On the other hand, when the
amount of fuel humidification was 1.48 P rP ,H O satŽ808C .2

cell performance was stable over a wide range of air-
humidification conditions.

Fig. 8 shows the relationship between air humidification
and water content at the fuel exit when the amounts of fuel

Fig. 10. Current–voltage curves of a 1 kW-class module: `v H , e, l2

10 ppm COr20% CO rH bal.2 2

Fig. 11. Test situation of a 1 kW class system using a fuel processor and
a module.

humidification are 1.0 and 1.48, under the same conditions
as shown in Fig. 6. When the amount of fuel humidifica-
tion was 1.0, if the amount of air humidification became
0.7 or less, the water content at the fuel exit became 1.0 or
less, and the anode was found to be dry. This value is in
agreement with the conditions under which the CO toler-
ance of the anode falls abruptly in Fig. 6. On the other
hand, when the amount of fuel humidification was 1.48, if
the amount of air humidification was low, the moisture of
the anode was always maintained. These results indicate
that maintaining a saturated steam pressure of the fuel cell
anode gas outlet can decrease the influence of CO poison-
ing.

3.2. Operation of the modules

Fig. 9 shows the lifetime characteristics of the two-cell
Žmodule with simulated reformed gas 10 ppm COr20%

Table 1
Operation percent conditions of 1 kW class module

Items Operation
conditions

Fuel Methane
Operation pressure Atmospheric

pressure
Reformer SrC ratio 2.5

Reaction 7008C
temperature

y1GHSV 700 h
Burner fuel Methane

CO shift converter Reaction 2208C
Ž .two step series temperature

y1GHSV 900 h
CO removal reactor Reaction 140–2008C

temperature
O rCO 1.22

y1GHSV 12,000 h
PEFC module Fuel Reformed gas

2Ž .100 cm =60 cells
Oxidant Air
Utilization U : 60%, U : 40%f ox

2at 300 mArcm
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Fig. 12. Current–voltage curves of a 1 kW-class system.

.CO rH bal. of a realistic composition as fuel. The test2 2

was run at a temperature of 808C and a current density of
0.3 Arcm2 under a gas condition of U rU s70%r40%.f ox

The rate of cell voltage drop was confirmed as 10
mVr1000 h. The stability of the anode developed in
Section 2.1 was confirmed for at least 2000 h. Fig. 10
shows the current–voltage curve of the 1 kW class mod-

Žule. An output power of 1.2 kW average cell voltage: 0.68
. 2V was achieved at a current density of 0.3 Arcm . There

was no significant difference between the experiment with
H and 10 ppm COr20% CO rH bal. as fuel. These2 2 2

data indicate that the advanced anode has possibilities for
both acceptable life-time characteristics and high initial
performance. The testing of a 1 kW class system using our
original fuel processor and module is shown in Fig. 11.
The operation of conditions in shown Table 1. Fig. 12
shows the current–voltage curve of the test. An output

Ž .power of 1.1 kW average cell voltage: 0.62 V was
achieved at a current density of 0.3 Arcm2 under the
condition of U rU s60%r30%.f ox

4. Conclusions

The CO tolerance of the Pt–Ru alloy anode was im-
proved by reducing its thickness from 40 mm to 20 mm.
Maintaining a saturated steam pressure of the fuel cell
anode gas outlet can decrease the influence of CO poison-
ing. When the amount of fuel humidification was 1.48
P rP , cell performance was stable over a wideH O satŽ808C .2

range of cathode-humidification conditions. A 1 kW class
system with the improved CO-tolerant anode and our
original fuel processor was successfully operated. An out-

Ž .put power of 1.1 kW average cell voltage: 0.62 V was
achieved at the current density of 0.3 Arcm2.
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