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Abstract

Ž .The polymer electrolyte membrane fuel cell PEMFC was investigated comparatively as a single cell and a 30-cell stack. Various
types of Nafion membranes, such as Nafion 117, 115, 112 and 105, were tested as electrolyte within the single cell and at different
temperatures, among which Nafion 112 gave the optimal result. The 30-cell stack was evaluated at different humidities and temperatures.
The potential–current and power–current curves, both for single cell and the stack, were analyzed by computer simulation, whereby the
kinetic and mass-transfer parameters were calculated. The long-term performance of the stack and the water production during long-term
operation were also measured. q 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Because of its lightweight, high-energy, high-power,
non-emission and low-temperature-operation, the polymer

Ž .electrolyte membrane fuel cell PEMFC has received
w xmuch attention in recent years 1–10 . The research and

development of materials, catalysts, and electrode compo-
nents for single cells has made significant progress during
last decade. To meet the requirement of practical applica-
tions a large number of single cells are assembled together,
and known as a PEMFC stack. Most recently, more and
more PEMFC stacks were developed with a variety of

w xtypes and functions 11–14 . The performance of a PEMFC
stack is different from that of a single PEMFC cell. The
PEMFC stack has much higher operating voltage and
stronger power and better fuel-energy efficiency. Our cu-
riosity is to explore what differences there are in the
electrochemical performance between PEMFC stacks and
single cells, and to attempt to promote the practical appli-
cations of PEMFC stacks in both military and civilian
portable power sources.

In the present paper we make a comparative study of
the PEMFC single cell and stack. For the single cell we
emphasize the important role of different Nafion mem-

) Corresponding author. Tel.: q1-301-721-3451; Fax: q1-301-721-
3402; E-mail: dchu@arl.mil

branes in the construction of PEMFC’s membrane-elec-
Ž .trode assembly MEA , while for the stack we evaluate the

performance of a 100 W PEMFC stack consisting of 30
cells, concentrating on kinetic and mass-transfer electrode
processes.

2. Experimental

2.1. Construction of the PEMFC single cell

ŽVarious Nafion membranes numbered as 105, 112,
.115, 117 were obtained from Du Pont Chemical. They

were soaked in a mixture of H O rH O at approximately2 2 2

808C for 2 h. After the Nafion membranes became trans-
parent they were washed with distilled water, followed by
soaking and boiling in a 1 M H SO solution for 2 h.2 4

Water rinsing again was the last step, to remove excess
H SO , and the film, being ready to use, was stored in2 4

distilled water.
The commercially available electrocatalyst, 20% plat-

Ž .inum on Vulcan XC-72 carbon from E-Tek , was sus-
pended in an aqueous Nafion solution, then the mixture
was sonicated using an ultrasonic bath. The final electro-
catalyst–Nafion mixture was sprayed on to a Tory carbon
paper. The amount of Pt and Nafion on the electrode were
about 0.4 and 0.5 mg cmy2 , respectively. The membrane-
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Ž .electrode assembly MEA , a key component of the
PEMFC system, is a proton conducting membrane such as
Nafion, laminated between the active sites of two elec-

Ž .trodes carbon supported platinum black . MEA is assem-
bled conventionally, using a hot pressing process con-

Ž .ducted at 1408C and 8.3 MPa 1200 psi for 90 s, in which
the electrode–membrane–electrode laminate is heated until
the glass-transition temperature of the membrane is
reached. Two titanium plates with fine gas-passing chan-
nels on their inner sides to the MEA were used to hold the
MEA as a single cell. Pure hydrogen was fuel and pure
oxygen was oxidant. A Hewlett-Packard electronic load
Ž .Model No. 6050A and a Hewlett-Packard multimeter
were used to measure the single cell’s current and voltage,
respectively.

2.2. Construction of the 30-cell PEMFC stack

The self-humidifying, 100 W, PEMFC stack comprised
30, series-connected, cells. The area of each electrode was
approximately 60 cm2, and the open-circuit voltage ap-
proximately 30. The air was supplied to the cathode by an
electric fan, and another electric fan was used for cooling
the stack. The self-humidifying function was obtained by
blowing input air through a small chamber wherein water
was collected from the stack’s cathodes. High purity hy-

Ž .drogen 99.99% was used. The environmental temperature
and humidity of the stack were controlled with a Tenney

Ž .Environment Chamber model No. BTRC —which was
programmed through a computer with Linktenn II Soft-

Ž .ware—and a Heatless Dryer model No. HF 200A . An
Arbin battery tester BT-2043 was used for program-con-
trolled experiments on the PEMFC stack. In order to get
reproducible results, all experiments within the Tenney
Environment Chamber for the PEMFC stack were carried
out after constancy of temperature and humidity had been
reached for more than 6 h.

3. Results and discussion

3.1. Performance of a single cell

3.1.1. Effect of different Nafion membranes
Fig. 1 shows the polarization curves of a PEMFC single

cell with different MEAs. These are typical of results for
hydrogenroxygen fuel cells. The initial drop of the poten-
tial–current curve is due to an electrochemical activation
process, which is caused by the sluggish kinetics of oxy-
gen reduction at the cathode electrode surface. On the
other hand, the linear decrease of the potential–current
curves with increasing load current density is due to ohmic
polarization, which is attributed to the ion-flow through the
electrolyte membrane and the electron flow through the
electrode materials. These results have demonstrated that
the current density is significantly enhanced when the

Žmembrane thickness is decreased from 7 mil 0.175 mm,
. Ž .Nafion 117 to 2 mil Nafion 112 .

For Nafion membranes 112, 105, 115 and 117, the
values of the current density of the single cell at 0.72 V
were approximately 1.0, 0.6, 0.5 and 0.4 A cmy2 , respec-
tively. Apparently, Nafion 112 membrane gave the optimal
performance. The kinetic parameters can be obtained by
computer simulation using the following empirical equa-
tions:

E sE yb log iyRi 1Ž .i 0

E sE qb log i 2Ž .0 r 0

w xE sE yb log iyRiy i m exp ni 3Ž .i 0 m m

i s iy i when i) i 4Ž . Ž .m d d

i s0 when iF i 5Ž . Ž .m d

where E and i are the experimentally measured potentiali

and current, E is the reversible potential for the cell, ir o

and b are the exchange current and the Tafel slope for the

Fig. 1. Polarization curves of a single cell with different grades of Nafion. The points are experimental data and the lines were computed from an empirical
equation.
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oxygen reduction, respectively. R represents the d.c. resis-
tance, such as resistances in the polymer membrane and
other electrode components, which causes the linear varia-
tion of potential with current shown above. Here, i is thed

minimum value of current that causes the voltage deviation
from the linearity at the higher current range. The i valued

can be obtained from the experimental curve and from the
Ž . Ž .calculated curve using Eq. 1 . Hence Eq. 1 can be used

to describe the electrochemical process, which is con-
trolled only by activation and ohmic polarization, while

Ž .Eq. 3 can be used to describe the entire electrochemical
process including activation, ohmic and mass-transfer.

For the Nafion membranes 105, 112 and 115 there was
no apparent mass-transfer process, because no deviation
from linearity was observed at the high current ranges of
these curves. However, when Nafion 117 was used as
membrane, the curve is slightly bent downwards at the
high current density range signaling the existence of a
mass-transfer process.

In Fig. 1 the points were obtained from experiments and
Ž . Žthe lines were simulated from Eq. 1 for Nafion 105, 112,

. Ž . Ž .115 or from Eq. 3 for Nafion 117 . The single cell’s
kinetic and mass-transfer parameters for different Nafion
membranes are shown in Table 1.

The value of E does not change significantly for0

different Nafion membranes. It is interesting that the b and
R values decrease in the order of Nafion 117, 115, 105
and 112. The power–current curves are also shown in Fig.
1. Peak power is observed at about 0.9 A cmy2 on the
power–current curve for Nafion 117. For other Nafion
membranes no peak in the power curve was observed. The
simulated curves can be used to predict the single cells’
performance beyond the range of the experimental data.
For example, at current density as 1.2 Arcm2, estimated
power densities for Nafion 112, 105, 115 and 117 are 0.82,
0.68, 0.61 and 0.23 W cmy2 , respectively.

Table 1
Electrode kinetic and mass transfer parameters at 508C, calculated from
the polarization curves for the PEMFC single cell with different Nafion
electrolyte membranes

Nafion E , b, mV R, m, n, i ,0 d
y1 2 2 y1 2 y2number V dec V cm V cm A cm A cm

112 0.99 56.0 0.11 – – –
105 1.00 58.0 0.21 – – –
115 1.01 62.0 0.26 – – –
117 1.02 68.0 0.33 0.18 0.15 0.65

3.1.2. Effect of temperature
Because of its optimal performance, the Nafion 112

membrane was selected for further study at various tem-
peratures. Fig. 2 shows the potential–current and power–
current curves for Nafion 112 membrane in the MEA at
various temperatures. Usually, a single cell has good heat
exchange with the local environment. Therefore, the inner
temperature and the environmental temperature can be

Žconsidered the same for the single cell this is not the case
.for a stack . The single cell’s potential increases with

temperature from 24 to 508C and so does the power at the
same current density. At higher temperatures, the ionic
conductivity of the Nafion membrane is enhanced and the
rate of both electrode reactions is faster. So, it seems that
higher temperatures should be better for the operation of a
single cell. However, further increase in temperature would
cause dehydration of the membrane, resulting in reduced
conductivity and inferior cell performance.

From the simulated curves in Fig. 2, one can deduce
that the cell voltages and powers at a current density of 1.4
A cmy2 will be 0.51, 0.60, 0.66 V and 0.72, 0.84 0.92 W
cmy2 at 24, 40 and 508C, respectively. The electrode’s
kinetic parameters at different temperatures for the single
cell using Nafion 112 as membrane are summarized in
Table 2. The parameters of b and E seem to show no0

Fig. 2. Electrochemical performance at various temperatures of MEAs using Nafion 112. The points are experimental data and the lines were computed
from an empirical equation.
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Table 2
Electrode kinetic parameters at different temperatures, calculated from the
polarization curves for the PEMFC single cell with Nafion 112 as
electrolyte membrane

2 y1Temperature, 8C E , V R, V cm b, mV dec0

24 1.01 0.23 56.0
40 1.00 0.16 56.0
50 0.99 0.11 56.0

significant difference, however, R is getting smaller with
increase of temperature because the ionic conductance of
the membrane electrolyte is improved at the elevated
temperatures.

3.2. Performance of the PEMFC stack

3.2.1. Polarization curÕes
Fig. 3 shows the potential–current and power–current

Ž .curves at room temperature ca. 208C and room humidity
Ž .conditions ca. 70% r.h. . of a 30-cell PEMFC stack. The

shape of both curves differ little from those for the single
cell, except for the much higher open circuit potential
Ž .about 30 times that of the single cell and much higher
power output. The points on the curves were obtained from

Ž .experiment, and the lines from simulation, using Eq. 1 .
Up to a current of 7 A there is no curving down of the

measured potential–current curve, and the data fit to Eq.
Ž .1 is good. The electrode process is activation and ohmic
controlled within this current range.

Because the stack is composed of 30 cells, the heat-
equilibrium inside the stack is hard to reach. Therefore, the
temperature gradient from the interior of the stack to the
external environment is significant and is also time-depen-
dent. This feature makes the evaluation of PEMFC stacks
more difficult than that of a single cell. Because heat
produced at the inner stack cannot be dissipated quickly,
the inside and outside temperature of the stack may vary
up to more than 268C, depending on the experimental
conditions. At 7 A, the voltage and power of the stack are
19.8 V and 140 W, respectively. From the simulated
curves one can see that, if the current is extended to 10 A,
the voltage and power will be 18.3 V and 183 W. The
electrode kinetic parameters are also obtained from the
simulation, which are shown in Table 3. Here, values for
E , b and R should be, and are, 30 times the average value0

for a single cell, whose averages for E , b and R are 1.070

V, 83 mV decy1 and 0.013 V.
Surprisingly, with this 100 W PEMFC stack, we ob-

tained more than 140 W at 7 A, with the computed
performance of the stack reaching 180 W at 10 A. These
results demonstrate that the PEMFC stack performs more
advantageously than a single cell.

3.2.2. Effect of humidity
Although the 30-cell PEMFC stack is designed with a

self humidifying function, we still needed to evaluate the

Fig. 3. Polarization behaviour of the 100 W PEMFC stack at room
Ž . Ž .temperature ca. 208C and room humidity ca. 70% r.h. . The points are

experimental data and the lines were computed from an empirical equa-
tion.

Ž .effect of relative humidity % r.h. on the stack’s perfor-
mance. The PEMFC stack was put into a Tenney environ-
mental chamber, where the temperature and humidity were
controlled automatically. Fig. 4 shows the potential–cur-
rent and power–current curves for the PEMFC stack with
different humidities and at a constant temperature of 308C.
The humidity was varied in steps—10%, 30%, 50%, 70%

Žand 90% r.h. for reason of clarity, only 10% and 90% r.h.
.results are included in Fig. 4 .

As expected, the potential–current and power–current
curves for 10% and 90% r.h. show only a slight difference.
Here, the self-humidifying function plays an important
role. It is observed in Fig. 4 that the potential–current
curves are bent down slightly at the higher current range,
which indicates that a mass-transfer process is occurring.
An excellent experimental data fit has been obtained with

Ž .Eq. 3 producing the simulated data, shown as lines in
Fig. 4. Computed peak powers at 10% and 90% r.h. are
146.0 W at 9.0 A and 167.4 W at 10.1 A, respectively. The
kinetic and mass-transfer parameters are obtained from
simulation, and shown in Table 3.

For a humidity change from 10% to 90% r.h., the
parameters of E , b and R only change slightly. The n0

value, which describes the degree of curvature on poten-

Table 3
Electrode-kinetic and mass-transfer parameters for the 100 W PEMFC
stack at different humidities and at a constant temperature of 308C

% r.h. E , b, R, m, n, i ,0 d
y1 y1V mV dec V V A A

90 31.5 1900 0.37 0.31 0.15 4.54
10 31.0 1900 0.39 0.36 0.15 4.04

URoom 32.2 2500 0.39 – – –

U Relative humidity ca. 70% r.h. at a room temperature of ca. 208C.
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Fig. 4. Effect of relative humidity on the operating voltage and power output of the 100 W PEMFC stack at a constant temperature of 308C. The points are
experimental data and the extrapolated curves were computed from an empirical equation.

Ž . Ž .Fig. 5. a Effect of relative humidity on the operating voltage and power output of the 100 W PEMFC stack at a constant temperature of 108C. b Effect
of relative humidity on the operating voltage and power output of the 100 W PEMFC stack at a constant temperature of 108C, whereas the points are
experimental data and the extrapolated curves were computed from an empirical equation.
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Table 4
Electrode-kinetic and mass-transfer parameters for the 100 W PEMFC
stack at different humidities and at a constant temperature of 108C

% r.h. E , b, R, m, n, i ,0 d
y1 y1V mV dec V V A A

80 30.5 2050 0.48 0.19 0.15 3.64
35 31.0 2150 2.40 0.46 2.50 1.04

tial–current curves at higher currents, is very small, ca.
Ž0.15, for both low and high humidities 10% and 90%

.r.h. . The i value is larger and the m value is smaller atd

90% than that at 10% r.h. Apparently, the stack perfor-
mance at the higher humidity condition is less affected by
mass-transfer processes.

The self-humidifying function in the PEMFC stack is
less efficient if the temperature is low. This assumption
has been tested with various humidity levels at 108C. Each
of the humidity experiments was obtained with at least a 6
h time-interval between tests, because self-heating oc-

curred after each measurement, and this might change the
temperature of the stack, and cause poor reproducibility.

Fig. 5a shows the experimental potential–current and
power–current curves for the PEMFC stack at different
humidities and at a constant temperature of 108C. As
expected, the stack voltage as shown on the potential–cur-
rent curves, decreases significantly with lowering humid-
ity. For example, at 25% r.h., the PEMFC stack cannot
work properly having an open-voltage of only 18.6 V, the
potential rapidly dropping to 0 V when the current reached
1 A.

Two humidity conditions, 35% and 80% r.h., were
selected for electrode kinetic analysis. Fig. 5b shows the
potential–current and power–current curves at these hu-
midities. At currents smaller than 6.5 A, the calculated
curves and experimental data fit excellently for the 80%
r.h. condition. However, because self-heating occurred dur-
ing measurement, which increased the stack’s inner tem-
perature, the data fit is poor when the current was more
than 6.5 A. For humidities of 80% and 35% r.h. the values
of peak power are 143.7 W at 9.9 A and 32.1 W at 1.85 A,
respectively. The kinetic and mass-transfer parameters were

Ž .Fig. 6. a Effect of temperatures between 5 and 258C on the operating voltage and power output of the 100 W PEMFC stack at a constant relative
Ž .humidity of 80% r.h. b Effect of temperature on the operating voltage and power output of the 100 W PEMFC stack at a constant relative humidity of

80%, whereas the points are experimental data and the extrapolated curves were computed from an empirical equation.
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computed for these two humidities and are shown in Table
4.

The R value at 35% r.h. is much larger than that at
80% r.h. Apparently, the low humidity causes stack resis-
tance to increase significantly at 108C. The n value is
much larger, the i value is smaller and the m value isd

bigger at 35% r.h. than that at 80% r.h., which indicates a
poor mass-transfer process for these low humidity condi-
tions. Why the effect of humidity on the stack’s perfor-
mance is more apparent at 108C than at 308C? Because it
is more difficult for the accumulated H O to evaporate at2

the lower temperature. At temperature below 108C, the air
blown through the stack’s chamber contains little water, so
the stack loses its self-humidifying capability.

3.2.3. Effect of temperature
Fig. 6a shows the effect of temperature on the perfor-

mance of the PEMFC stack. In order to obtain repro-
ducible results each experiment was conducted after the
temperature had been equilibrated for at least 6 h. The
initial rapid voltage drop at the very small current range on
the potential–current curves stems from an electrode acti-
vation process, while the middle parts are controlled by
ohmic processes. A slight mass transfer behaviour can be
seen on these curves at the higher currents. The highest

Ž .power around 165 W was obtained at about 9 A for
temperatures of 15 and 258C.

However, at lower temperatures, the potential–current
and power–current curves are not smooth because the
temperature of the inner stack fluctuated as the current
passed through it. At the lowest test temperature of 58C,
the inner parts of the stack warmed up significantly with
time during discharge, causing the inner temperature to go
far above 58C. Therefore, the potential–current and
power–current curves rise significantly when current was
more than about 2.5 A. This phenomenon is attributed to

Table 5
Electrode-kinetic and mass-transfer parameters for the 100 W PEMFC
stack at different temperatures and at a constant relative humidity of 80%

Temperature, E , b, R, m, n, i ,0 d
y1 y1

8C V mV dec V V A A

25 32.0 2100 0.44 0.30 0.15 6.04
5 31.0 1900 2.40 0.22 3.50 1.25

the formation at the higher currents of a new heat-ex-
change balance system between the stack and the environ-
ment.

Analysis of the electrode kinetic process was completed
by computer simulation. Fig. 6b shows the experimental
and computed potential–current and power–current curves

Ž .using Eq. 3 , at different temperatures. The lines and
points in the figure represent the simulated curves and
experimental data, respectively. At 258C, the all experi-
mental points fit excellently, however, at 58C, only the

Žinitial part of the experimental data currents less than 2.5
.A has a good fit with calculated. There are peaks on both

power–current curves. For the temperature of 25 and 58C,
the values of peak power are 171.4 W at 10.6 A and 35.7
W at 1.95 A, respectively. The kinetic and mass-transfer
parameters at the two temperatures are shown in Table 5.
At the lower temperature the R value is significantly
larger, which reflects the decrease in ionic conductivity of
Nafion membrane. The i value is much smaller and nd

value is much larger at 58 than at 258C, which implies that
a poorer mass-transfer process occurs at the lower temper-
ature.

3.2.4. Performance oÕer a long period
The performance of the PEMFC stack was evaluated

over a long operating time. Fig. 7 shows the plot of
voltage versus time for the PEMFC stack at a constant
current discharge of 7.0 A for 6 h. During the first 4 h the

Fig. 7. Constant current discharge performance of the 100 W PEMFC stack. The current was increased gradually at the beginning, then kept constant.
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Fig. 8. Constant power discharge performance of the 100 W PEMFC stack. The power was increased gradually at the beginning to 100 W, then kept
constant.

voltage fluctuated. However, after this time, the voltage
remained constant at about 20 V. Because of many factors,
such as electrode activation, heat-exchange, mass-transfer
and humidifying, more time is required for equilibrium
within the 30-cell PEMFC stack, and the optimal perfor-
mance is obtained only after operation for several hours.

Ž .Fig. 8 shows a constant power 100 W discharge of the
PEMFC stack for 10 h. After operation for 3 h, the output
becomes constant, and the plot of voltage against time is
smooth. The two experiments described above have
demonstrated that the 30-cell PEMFC stack can work
continuously for a long time.

During the hours of operation, a lot of water was
produced, which was collected continuously in the stack’s
chamber, and taken out for analysis. Fig. 9 shows the
water production during constant power discharge. Only
about 66% of theoretical water was collected. The rest—

34%—might have been lost by evaporation and blown into
the environment by the cooling and oxidant fans. The
water blown out by the oxidant fan plays an important role
in self-humidifying the PEMFC stack.

4. Conclusion

Nafion membrane, used as electrolyte, plays an impor-
tant role in the construction of PEMFC’s membrane-elec-

Ž .trode assembly MEA . Various types of Nafion mem-
branes, such as Nafion 117, 115, 112, 105, were tested
within a single cell at different temperatures. The Nafion

Ž y2 .112 gave the best result 0.72 V at 1.0 A cm . A
30-cell, 100 W stack was evaluated at different humidities
and temperatures. The potential–current and power–cur-
rent curves both for the single cell and the stack were

Fig. 9. Water production during a constant power discharge of the 100 W PEMFC Stack. The power was increased gradually at the beginning to 100 W,
then kept constant.
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analyzed by computer simulation, and kinetic and mass-
transfer parameters were calculated. The open-circuit po-
tential, Tafel slope and the d.c. resistance of the series-con-
nected cell stack seem to be an addition of the values of
the individual cells. However, the mass-transfer behaviour
of the stack is more complicated, compared with the single
cell because of the presence of other factors, such as
heat-exchange, humidity effects as well as air and fuel
supplies. The long-term performance of the stack and the
water production during long-term operation were also
measured. The stack-system becomes more stable and
gives optimal performance after several hours of running
under constant current or constant power, and the maxi-

Ž .mum power ca. 170 W of the stack is then obtainable.
Only 66% of the theoretical water produced was actually
collected during long-term operation, while the other 34%
was lost by evaporation. Self-humidifying was achieved by
employing the water produced from the cathode electrode.
Self-humidifying is more efficient at 308C than at tempera-
tures of 108C and below.
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