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Abstract

Effects of reactant gas flow rates and starvation on the performance of phosphoric acid fuel cells were studied using single cells. As
the reactant gas flow rates of single cell increased, the performance of the cell increased, and then remained constant. The optimum flow
rates of hydrogen, oxygen and air under cell operating condition of 150 mArcm2 at 1908C were found to be 5 ccrminPcm2, 5
ccrminPcm2, and 15 ccrminPcm2 at 1 atm and room temperature, respectively. The open circuit voltage of the single cell decreased
with increasing oxygen flow rate at constant hydrogen flow rate, which is attributed to the increased gas cross-over rate. When the
reactant gases were again supplied to the cell after gas starvation, the cell voltage losses were found to be about 5 mV in the case of
hydrogen starvation and about 1 mV for oxygen starvation, and the voltage loss was independent of gas starvation time. These results
were discussed from the electrochemical viewpoint of the cell. q 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

The fuel cell has been investigated as a new energy
technology, because the fuel cells produce electricity di-
rectly from hydrogen fuel with an oxidant by electrochemi-
cal reaction at high efficiency, and offer a clean and

w xpollution-free technology 1–3 . There are several types of
fuel cells and these are usually classified into phosphoric
acid, molten carbonate and solid oxide types. Amongst

Ž .these fuel cells, the phosphoric acid fuel cell PAFC
represents the technology most advanced in research and
in development for practical use. The phosphoric acid fuel
cell is fabricated by stacking single cells that consist of
electrodes, electrolyte matrix, and bipolar plate. This pro-
duces electricity when the appropriate reactant gases are
supplied to the cell.

When the fuel cell is operated, the reactant gases should
be supplied at differing rates in accordance with the quan-
tity of electricity required. If only small amounts of reac-
tant gas are supplied to the cell, the cell performance
would decrease. If much larger amounts of reactant gas are
supplied, the performance may increase, although the cells
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will waste much fuel. Moreover, excess amounts of reac-
tant gas may bring about irreversible loss of performance

w xdue to large pressure differences in the cell 4 . Therefore,
the optimum rate of reactant gases should be determined in
order to operate the fuel cell at high efficiency. Also,
during the operation of the fuel cell, unexpected cessation
of the reactant gas supply may occur, which induces an
emergency state for the fuel cell system. Surprisingly,
there are few studies of gas starvation, and its influence on
the fuel cell performance is not clear, although changes of

w xthe electrode potential have been reported 5 .
In this study, we examined the performance character-

istics in accordance with the amount of hydrogen, oxygen,
and air supplied as the reactant gases by using single cells.
We also investigated the effects of the starvation of reac-
tant gas on the performance of PAFC cells.

2. Experimental

The single cell consists of electrodes, electrolyte matrix,
bipolar plate and current collectors. The electrode is com-
posed of a carbon paper as electrode support and PtrC
powder as catalyst layer. The carbon paper was impreg-
nated in a waterproofing solution for 30 s, so as to prevent
the blockage of pores from the inflow of electrolyte solu-
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Fig. 1. Dependence of internal resistance of single cell on applied stress.

tion or water, and dried in air for 24 h, and then water-
proofed by heating in air at 3758C for 30 min. The
electrode catalyst layer, with a thickness of 0.2 mm, was
manufactured by mixing PtrC powder, polytetrafluoroeth-

Ž .ylene PTFE emulsion and solvent. Then the electrode
support and catalyst layer was cold-pressed, dried at 1008C
and sintered at 3508C in a N atmosphere, so as to inhibit2

the generation of cracks in the catalyst layer and the
detachment of the catalyst layer from the support body.

The electrolyte matrix was prepared from SiC powder.
The SiC powder and PTFE emulsion were mixed in a
solution to make the SiC slurry. The SiC slurry was coated
on the cathode by using a doctor blade machine and then
the coated matrix was sintered at 3008C for 30 min. The
electrolyte was 105 wt.% H PO . Graphite was used as the3 4

bipolar plate material because carbon is stable at the fuel
cell operating temperature of 1908C; its electric conductiv-
ity is good and its reactivity with phosphoric acid is low.
The bipolar plate was machined into a ribbed shape to give
a good distribution of reactant gases. A copper plate was
used as current collector.

The single cell was fabricated by attaching the anode to
the matrix-coated cathode. Before making the single cell,
the matrix-coated cathode was impregnated with phospho-
ric acid at 1308C. After placing the bipolar plate and the
current collector on the layered anodermatrixrcathode,
the steel compression plates were attached at both sides.
Then the single cell was compressed until a constant
electric resistance was obtained by measuring the internal
resistance of cell. Fig. 1 shows the internal resistance of
the single cell at room temperature as a function of applied
stress during the cell assembly. With increasing applied
stress, the cell internal resistance decreased rapidly and
maintained a constant value, which is attributed to the
decreased contact resistance across the current collector,
bipolar plate, catalyst layer, and electrolyte layer inside the
cell. When the electrical contact is made satisfactory, the
internal resistance maintains a constant value. Therefore,
we manufactured single cells by compressing to this crite-

rion. The effective electrode area of the single cell was 10
cm2.

For performance testing of single cells, we constructed
an equipment for performance measurements that could
control the flow rate of hydrogen, oxygen and air. A
variable electrical load was connected to the current collec-
tors. The cell tests were carried out at 1908C with reactant
gas supplied and with the variable load. Pure hydrogen
was used as a fuel on the anode side, and oxygen or air as
an oxidant on the cathode side. Flow rates of hydrogen and
oxygen were in the range of 10 to 70 ccrmin, and the flow
rate of air was in the range of 10 to 250 ccrmin.

In order to investigate the cell performance change
during starvation of reactant gases, the cell was operated at
a constant current density of 150 mArcm2 for 10 h and
then the gases supplied to the cell were shut off for 1 to
1000 min. After gas starvation, the cell was operated again
at the constant current density of 150 mArcm2 whilst
re-supplying reactant gas.

3. Results and discussion

3.1. Effect of supplied gas flow rate on single cell perfor-
mance

Fig. 2 shows the polarization curves of single cell for
various oxygen flow rates at a constant hydrogen flow rate
of 50 ccrmin. The cell performance decreased with de-
creasing oxygen flow rate. When the oxygen flow rate was
below 10 ccrmin, a limiting current density of about 150
mArcm2 was apparent in the polarization curve of single
cell. In the case of hydrogen and air, similar tendencies
were also observed.

w xAccording to Bockris and Srinivasan 6 , the low cur-
rent density region of single cell polarization curves is
determined by activation process, which is characterized

Fig. 2. Characteristics of cell performance for various oxygen flow rates
under constant hydrogen flow rate of 50 ccrmin.
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Fig. 3. Effect of gas flow rates on voltage loss of single cell at a current
2 Ž .density of 150 mArcm . Hydrogen lower x-axis, left y-axis , oxygen

Ž . Ž .lower x-axis, left y-axis , air top x-axis, left y-axis .

by the exchange current density and Tafel slope of cell. In
the middle range of current densities, the polarization
curve depends on the internal resistance and tends to
linearity. The high current density region is subject to
concentration overvoltage, characterized by a limiting cur-
rent density. The present results can be explained on this
basis. In Fig. 2, the polarization curve in the low current
density region did not change with decreasing oxygen flow
rate. This means that the oxygen flow rate does not have a
great effect on the activation process of the cell in the
measured flow rate range because the activation process is
related to the three-phase boundary structure and the reac-
tion mechanism.

The internal resistance of single cells consists of the
electrolyte resistance, electrode resistance, bipolar plate
resistance and contact resistance of components. There-
fore, a change of oxygen flow rate does not affect the
internal resistance. On the other hand, the polarization
curve in the high current density domain depended very
much on the oxygen flow rate. In this region, the cell
voltage decreased with decreasing oxygen flow rate, which
originates from an increase of concentration overvoltage,
caused by the deficiency of oxygen supply to the reaction
site at the cathode. This explanation is also relevant in the
case of hydrogen and air. In the polarization curve, when
the current density increases, the electrical power from the
cell also increases, but when a limiting current density
occurs, cell voltage decreases rapidly. In other words,
when the polarization curve of a single cell is controlled
by activation and resistance overvoltages, the performance
of the cell increases with increasing current density. On the
contrary, the performance decreases slowly upon the ap-
pearance of concentration overvoltage, and when it is close
to the limiting current density, its performance decreases
abruptly. Therefore, to protect the cell from an occurrence

of limiting current density, the reactant gases should be
carefully monitored and adjusted.

To clarify the dependence of cell voltage on gas flow
rate under practical PAFC operating condition of 150
mArcm2, the voltage losses of single cells were examined
as a function of gas flow rate; the results are presented in
Fig. 3. Voltage loss is defined as the difference between
the maximum cell voltage obtainable by changing the flow
rate, and the actual cell voltage at each flow rate. The
voltage loss relates to the cell efficiency loss because the

w xcell efficiency is proportional to the cell voltage 7 . The
cell voltage loss decreased with increasing flow rates and
then almost vanished above critical flow rates of 50 ccrmin
of oxygen and hydrogen, and 150 ccrmin of air. This
means that if the gas flow rate is higher than the critical
flow rate for each gas, then excess flow rates waste the
reactant gases. From Fig. 3, based on the electrode area of
a single cell, the optimum flow rates are estimated to be 5
ccrminP cm2 in oxygen and hydrogen, and 15 ccrminP

cm2 in air under cell a operating condition of 150
mArcm2; these values are required for producing good
cell efficiency and performance.

Fig. 4 shows the effect the change of oxygen flow rate
Ž .on open circuit voltage OCV of the single cell. The OCV

decreased with increasing oxygen flow rate. From thermo-
dynamic consideration, the OCV of fuel cell is described
as follows:

P 1RT RTH 2 2oE V sE q ln q ln P 1Ž . Ž .Ž .OCV O 2ž /2 F P 2 FH O2

where Eo is the standard reversible potential. From this
equation, it is noted that the OCV of a single cell is
dependent on the partial pressure of oxygen, hydrogen and
water in the cell. As the flow rate increased, the measured
gas pressure in the cathode increased from 1 to 1.01 atm.

Ž .Assuming that there is no gas cross-over, from Eq. 1 and
the change of gas pressure, the theoretical change of OCV
is estimated to be about 1 mV in the range of oxygen flow

Fig. 4. Dependence of open circuit voltage of single cell on oxygen flow
rate under constant hydrogen flow rate of 50 ccrmin.
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rates of 10 to 70 ccrmin. The thermodynamic change in
OCV calculated from the increment of the gas pressure is
very small compared to the measured value of about 18
mV. Therefore, other reasons for the decrease of OCV
should be considered. Gas cross-over may be responsible
because the measured OCV is rather low compared to the
theoretical OCV, 1.146 V.

Gas cross-over in single cell occurs through electrolyte,
or gas leakage by incomplete sealing at the edge of the
cell. The increased oxygen partial pressure at high flow
rates induces pressure differences between the anode and
the cathode sides, which may increase the gas cross-over
rate. To confirm a gas cross-over effect, we measured the
hydrogen content in the cathode. About 7% hydrogen was
found. The hydrogen in the cathode reacts with oxygen to
produce water due to the catalytic effect of platinum on the
cathode and, thus, the measured hydrogen in the cathode is
considered to be a result of hydrogen cross-over. More-
over, in the exit anode gas, water was observed, which
means that oxygen gas cross-over occurred. Therefore, it
seems to be reasonable to conclude that the decrease in
OCV at high flow rates is due to the increased gas
cross-over rate.

3.2. Effect of gas starÕation on single cell performance

Fig. 5 shows the voltage loss of a single cell as a
function of gas starvation time at a current density of 150
mArcm2. Voltage loss is defined as the difference in
single cell voltages at 150 mArcm2 before gas starvation
and after gas re-supply to the gas-starved cell. Voltage
losses arising from hydrogen starvation showed high val-
ues of about 5 mV as compared to low values of about 1
mV under oxygen starvation. Also, cell voltage losses did
not depend significantly on starvation times. Fig. 6 repre-
sents the polarization curves of half cells at the cathode

w xand the anode, and for the single cell 6 . The present
results of gas starvation can be explained on the basis of

Fig. 5. Effects of starvation time of the reactant gases on the cell voltage
loss.

Fig. 6. Typical polarization curves of half cell and single cell in phospho-
ric acid fuel cell.

electrochemical polarization. When oxygen starvation oc-
curs, the oxygen electrode potential moves from c to a and
the hydrogen electrode potential moves from cX to a be-
cause, during oxygen starvation, hydrogen was supplied
continuously to the anode side of the single cell and the
measured cell voltage rapidly approached zero. On the
other hand, when hydrogen starvation occurs, the oxygen
electrode potential moves from c to b and the hydrogen
electrode potential moves from cX to b because oxygen at
the cathode was not depleted and the cell voltage dropped
to zero in similar fashion.

In the same way, when oxygen is re-supplied after gas
starvation, the oxygen electrode potential moves from a to
c and hydrogen electrode potential moves from a to cX. On
the other hand, when hydrogen re-supply occurs, the oxy-
gen electrode potential moves from b to c and hydrogen
electrode potential moves from b to cX. As a result, when a
state of hydrogen starvation occurs, both oxygen and hy-
drogen electrodes are subject to the corrosion potential of
carbon, which is recognized as one of the cell performance

w xdegradation factors 8 . However, although carbon corro-
sion increases with increasing starvation time, the cell
voltage loss was independent of the hydrogen starvation
time. Therefore, under hydrogen starvation, electrode cor-
rosion is not considered to be a principal factor.

During reactant gas starvation, the three-phase bound-
ary area of electroderelectrolytergas may be altered due
to its dependence on the electrode potential and the gas

w xpartial pressure 9 . The experimental results for oxygen
starvation may be evidence of such a change of the
three-boundary area. During oxygen starvation, both the
hydrogen electrode potential and the oxygen electrode
potential move to lower values and, thus, electrode corro-
sion does not occur at this potential. Nevertheless, oxygen
starvation results in cell performance loss. This means that
when oxygen is depleted, the three-phase boundary area
probably decreases due to electrolyte flooding.
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Practically, in the case of reactant gas starvation, the
voltage of the single cell moved from a constant value to
zero rapidly. The transition time to zero was approximately
60 s for hydrogen starvation and 20 s for oxygen starva-
tion. Upon re-supplying the gases after gas starvation, the
voltage rose again to a constant value. The transition times
returning to constant voltage were 120 s for hydrogen
re-supply and 50 s for oxygen re-supply. The transition
time for cell voltage, in the case of hydrogen starvation, is
longer than that for oxygen starvation although the shorter
transition times for hydrogen starvation was expected,
since a greater amount of hydrogen was required during
the stoichiometric cell reaction. This means that a change
of the three-phase boundary area must have occurred
during gas starvation. Thus, it seems to be reasonable to
conclude that the cell performance loss during gas starva-
tion is due to the decreased three-phase boundary area, and
that this performance loss is irreversible. In the present
work, it is not clear whether carbon corrosion has an effect
on the performance loss of the gas-starved cell.

4. Conclusions

The effects of the flow rate and starvation of reactant
gases on cell performance of PAFCs were studied and the
following conclusions were drawn. The concentration
overvoltage in polarization curves increased with decreas-
ing hydrogen, oxygen, and air flow rates. Below critical
flow rates of gases, the cell performance decreased consid-
erably to the extent that a limiting current density ap-
peared. The optimum flow rates of oxygen, hydrogen and
air at a cell operating condition of 150 mArcm2 were
found to be 5 ccrmin cm2, 5 ccrmin cm2, and 15
ccrminPcm2, respectively. As the oxygen flow rate in-
creases, the measured OCV of the single cell decreased
much more than the theoretical OCV calculated from a

thermodynamic consideration of oxygen partial pressure;
this is attributed to the increased gas cross-over rate. When
the reactant gases were re-supplied to the cell after gas
starvation, the voltage losses of the fuel cell were found to
be about 5 mV in the case of hydrogen starvation, and
about 1 mV in the case of oxygen starvation, which is
considered to be related to a change in the three-phase
boundary structure.
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