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a b s t r a c t

Performance and electrochemical impedance spectroscopy (EIS) tests were performed at different tem-
peratures and humidity levels to understand the effects of temperature and humidity on the performance
and resistance of a PBI/H3PO4 fuel cell.

The results of the performance tests indicated that increasing the temperature significantly improved
the cell performance. In contrast, no improvement was observed when the gas humidity was increased.
On the other hand, the EIS results showed that the membrane resistance was reduced for elevated tem-
peratures. This development can be interpreted by the increase in membrane conductivity, as reflected
by the Arrhenius equation. As the formation of H4P2O7 and the self-dehydration of H3PO4 start around
130–140 ◦C, in PBI, they increase the membrane resistance at temperatures that are higher than 130 ◦C.
hosphoric acid

perating temperature
perating humidity
lectrochemical impedance spectroscopy
EIS)

In addition, the membrane resistance was reduced for elevated gas humidity levels. This is because an
increase in humidity leads to an increase of the membrane hydration level.

The resistance of the catalyst kinetics mainly contributes to the charge transfer resistance. However,
under certain conditions, the interfacial charge transfer resistance is also important. It was concluded
that the gas diffusion is the main contributor to the mass transfer resistance under dry conditions while
it is the gas concentration under humid conditions.
. Introduction

Fuel cells are among the most promising alternative clean power
ources for portable applications and distributed power systems.
hey may also be viable alternatives in applications for which a
ighly reliable source of electricity is needed, e.g., in the power
ystems of automobile and stationary applications.

High temperature membrane (HTM) fuel cells (160–180 ◦C) are
ery promising alternative power generation devices because of
heir high tolerance to carbon monoxide (CO), low dependency on
ooling systems, high amount of reusable heat energy, and high
racticability in mixed hydrogen systems. They are commonly used

n stationary fuel cell systems to enhance the tolerance to reforming
as and reduce the purification cost of a reforming system.

Today, polymer electrolyte membranes for fuel cells can be

ivided into two broad categories. The first category comprises
roton exchange membranes (PEMs) in which only the proton is
obile because the acid anion is covalently linked in the mem-

rane. The second category comprises polymer–acid complexes
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(PACs) in which both protons and anions are mobile since the
acid is simply doped in a basic membrane. For PEM fuel cells, a
solvent, e.g., water, is required. For PAC fuel cells, water is not
essential [1]. As PAC fuel cells do not highly depend on water,
they operate at high temperatures (>100 ◦C). Several high temper-
ature membrane systems have been reported [2–5]. Among them,
a polybenzimidazole-based phosphoric acid-doped (PBI/H3PO4)
membrane is currently the most successful system because it has
high proton conductivity [6], low gas permeability [7], almost
zero electro-osmotic drag [1,7,8], good thermal stability [9], and
good mechanical properties at temperatures of up to 200 ◦C. It
is well-known that the adsorption of CO on platinum exhibits a
high negative function. High operating temperatures reduce the
adsorption of CO on platinum. Thus, the catalyst can tolerate a CO
concentration of up to 1% [10,11]. The easiest method to enhance
the tolerance of a fuel cell to CO is therefore to increase the tem-
perature.

For PBI/H3PO4 HTM fuel cells, the optimal operating temper-
atures range from 150 ◦C to 200 ◦C [1,12,13]. However, if the

operating temperature is too high, the mechanical stability of the
membrane [14] and the operational life of the fuel cell [15,16] are
reduced. Furthermore, the fuel cell needs more time to warm up
during start-up phases. At high temperatures, the conductivity of
the membrane also decreases with operating time [1] because of
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he evaporation of the doped acid. It is therefore necessary to know
he suitable operating temperatures for a PBI/H3PO4 HTM fuel cell
o obtain a trade-off between the advantages and drawbacks of an
peration at a high temperature.

Many researchers have studied the behavior of a PBI/H3PO4
TM fuel cell in dry hydrogen and dry air [17–19]. However, it is
lmost impossible to supply dry hydrogen and dry air to fuel cells
n application systems. In practical situations, the supplied hydro-
en often contains water vapor as it is usually supplied from an
n-site hydrogen generator (e.g., a reformer) [20–23]. The supplied
ir also usually contains water vapor because the air pumped into
he fuel cell is ambient air [24–26]. It is therefore essential to study
he effects of gas humidity on the fuel cell performance to under-
tand the behavior of a PBI/H3PO4 fuel cell in a real application
ystem,.

The resistance of a PBI/H3PO4 HTM fuel cell is influenced by
he relative humidity, temperature, and the acid doping level
1,2,17,27–31]. The ex situ resistance of the membrane at different
emperatures, humidity, and acid doping levels and the in situ resis-
ance and performance of the fuel cell at different temperatures and
cid doping levels have been reported. Although many researchers
ave studied the effects of humidity on the ex situ resistance of the
embrane, only a few papers have discussed the effects of humid-

ty on the in situ performance and resistance of PBI/H3PO4 fuel cells
30]. The effects of humidity on the cell performance and resistance
nder in situ conditions may be different from that observed under
x situ conditions. Thus, to understand the behavior of a PBI/H3PO4
TM fuel cell, it is essential to study the effects of humidity on

he cell performance and electrochemical resistance under in situ
onditions.

The objective of this work is to evaluate the performance
f PBI/H3PO4 HTM fuel cells at different temperatures and gas
umidity levels. The electrochemical impedance spectroscopy (EIS)
ethod was utilized for quantifying and discriminating the mem-

rane resistance, charge transfer resistance, and mass transfer
esistance.

. Experimental

.1. Fuel cell figure

A single cell with a 25 cm2 active area was used in this study.
he flow field geometry was a 5-channel serpentine. The width of
he channel, the depth of the channel, and the width of the rib were
.81 mm, 0.80 mm, and 0.82 mm, respectively. Two heating plates
nd two T-type thermocouples were attached to the anode and
athode end plates of the fuel cell to control the cell temperature.

.2. MEA

High temperature PBI membrane electrode assemblies (MEAs)
Celtec®-P Series 1000 [13]), which were provided by the BASF Cor-
oration, were used in this research. The active area of the MEA was
4 cm2 and the thickness of the MEA was 863 �m. The gaskets were
lso provided by the BASF Corporation. The thickness of the gasket
or the anode was 320 �m and that for the cathode was 345 �m. To
nsure a uniform temperature distribution, the single cell was cov-
red by a layer of thermally isolated material. The assembly torques
or the 12 bolts were all 7.0 N-m.
.3. Performance test

A Scribner 850 C test station was used to measure the per-
ormance of the fuel cell. Using this test station, voltage, current,
nd power could be measured and data could be acquired through
Sources 195 (2010) 7152–7159 7153

the data acquisition (DAQ) system. The resolution and accuracy
of the current control were 1 mA and 0.3% of the full-scale cur-
rent rating, respectively. The flow rates of hydrogen and air were
controlled by flow controllers via an analog to digital converter.
Two bubbling type humidifiers were installed in the test station.
The accuracy of the dew point control was ±1 ◦C. The gas could
bypass the humidifier when dry gas was needed for the experi-
ments. The humidity was calibrated before tests. A heating system
was used to control the cell temperature. The accuracy of the tem-
perature control was within ±1 ◦C. In this work, hydrogen with
a 99.999% purity was used as the fuel. Air was used as the oxi-
dant instead of pure oxygen because the usage of air is more
practical in real applications of fuel cell systems. The basic flow
rates of hydrogen and air both were 200 sccm. The stoichiometric
ratios of hydrogen (STH2 ) and air (STair) were 1.2 and 2.0, respec-
tively.

To activate the MEA, the fuel cell was operated at a current
density of 0.2 A cm−2 for 50 h. After the activation process, the
polarization curve at 160 ◦C was measured. To ensure that the MEA
was fully activated, a second polarization curve at 160 ◦C was mea-
sured 24 h after the first polarization curve at 160 ◦C.

Two MEAs were used in this study. The first one was used
for experiments determining the effects of temperature, and the
second one was used for experiments determining the effects of
humidity. For temperature experiments, only dry hydrogen and
dry air were supplied. The sequence of tests was 180 ◦C, 160 ◦C,
140 ◦C, 120 ◦C, and 70 ◦C. After the test at 70 ◦C, a test at 160 ◦C
was again performed. For humidity experiments, hydrogen and air
were controlled at the same humidity and the temperature of the
fuel cell was kept above 140 ◦C to avoid water condensation inside
the fuel cell. In these tests, the water vapor pressure was used to
express the humidity of hydrogen (PH2O, anode) and air (PH2O, cathode).
The sequence of tests was dry gas, 0.1 bar, 0.2 bar, 0.3 bar, and
0.4 bar.

Before performing a test under a specific condition, the fuel cell
was operated at a current density of 0.25 A cm−2 in that specific
condition for 1 h to reach the steady state of the system.

2.4. Resistance measurement

In this paper, a Scribner 880 module was used to measure the
electrochemical impedance spectroscopy (EIS) of the fuel cell. Dur-
ing measurements, the cell was operated at a stable direct current.
A sinusoidal perturbation of the current was added to the DC and
a voltage response was obtained. The ratio of the phasor voltage to
the phasor current is defined as the impedance of the fuel cell. The
AC frequency scanned from 1 kHz to 0.1 Hz. The amplitude of the
AC current was 5–10% of the DC current.

Recently, the EIS method has been widely used to study the
resistance distribution of fuel cells [32–37] with the aid of equiva-
lent circuit fitting. The intercept on the real axis at high frequency is
the sum of the contact resistance (Rcontact), the proton conduction
resistance in the membrane (Rmembrane), and the electrical resis-
tance (Relectrical). The diameter of the arc is the sum of the anodic
(Rct,a) and cathodic (Rct,c) charge transfer resistance and the mass
transfer resistance (Rmt).

In this work, the current interruption method [38] was also used
to measure the membrane resistance of PBI/H3PO4 fuel cells and to
verify the reliability of the membrane resistance measured by the
EIS method. In theory, the cell voltage rises almost instantaneously
by the amount of the ohmic potential drop upon the interrup-

tion of current. The membrane resistance of the cell, Rmembrane
(ohm cm2), is determined as the quotient of the instantaneous
change in voltage, �V (V), and the cell current density, i (A cm−2),
just prior to the interruption event. The relation described above is
Rmembrane = �V/i.
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(HOR) at the anode is negligible. When the current is elevated, the
HOR becomes as important as the ORR. The ORR in the low current
region, i.e., where the catalyst surface is partially covered by PtO, is
controlled by pure electron transfer. However, the ORR in the high
current region, i.e., where the catalyst surface is covered by pure
ig. 1. Nyquist plots at 160 ◦C and 0.2 A cm−2 and the equivalent circuit used in
his study (basic flow rate: 200 sccm; STH2 /STair : 1.2/2.0; PH2O, anode/PH2O, cathode:
bar/0 bar).

. Results and discussion

.1. Results of resistance measurement

Fig. 1 shows the results of EIS measurements at 160 ◦C using dry
ydrogen and dry air. The equivalent circuit used in this study is
lso shown in Fig. 1. To verify the repeatability, two Nyquist plots
f EIS tests obtained under the same conditions were compared
ith each other. It was observed that the two Nyquist plots were

lmost identical. This result indicates that our EIS measurements
ad a good repeatability. The equivalent circuit used in this study
omprised the contributions of ohmic resistance, anodic charge
ransfer resistance, cathodic charge transfer resistance, and mass
ransfer resistance. CPE1 (constant phase element) represents the
ct,a-associated catalyst layer capacitance property. CPE2 repre-
ents the Rct,c-associated catalyst layer capacitance property. CPE3
epresents the Rmt-associated capacitance property.

As the simulation curve concurs with the experimental results,
he equivalent circuit is suitable for the PBI/H3PO4 fuel cell used in
his study. The ohmic resistance was obtained from the intercept
n the real axis. The charge transfer resistance and the mass trans-
er resistance were obtained by the equivalent circuit fitting. The
nductive behavior that was observed at low frequencies (<0.3 Hz)
s due to the inductance effect.

.1.1. Membrane resistance versus current density
In theory, the intercept on the real axis at high frequency (i.e.,

he ohmic resistance) is the summation of Rcontact, Rmembrane, and
electrical. However, Relectrical and Rcontact were previously found to
e within the range of 1–10 mohm cm2 [39–41]. Thus, Relectrical and
contact are negligible compared with the proton conduction resis-
ance of the membrane [17,27,28]. The intercept on the real axis
t high frequencies can therefore be considered as the membrane
esistance, Rmembrane.

Fig. 2 shows the comparison of the membrane resistance mea-
ured by the EIS method, REIS, and the membrane resistance
easured by the current interruption method, RiR. The normal-

zed difference (RiR − REIS)/REIS × 100%, was found to be between
7.9% and 4.5% at 120 ◦C and between 15.9% and 3.2% at 160 ◦C.
hese results indicate that RiR is greater than REIS. This is due to the
nherent difference in response between the potential distribution

ithin porous electrodes and the non-negligible electrolyte resis-

ance [38]. The normalized differences are in agreement with those
eported by Cooper and Smith [38]; these results indicate that the
embrane resistance measured in this study is correct.
As can be seen in Fig. 2, the membrane resistance decreases

ith the increase of the current density at 120 ◦C and 160 ◦C. This
Fig. 2. Comparison between REIS and RiR at 120 ◦C and 160 ◦C (basic flow rate:
200 sccm; STH2 /STair : 1.2/2.0; PH2O, anode/PH2O, cathode: 0 bar/0 bar).

observation was previously reported by Zhang et al. [19]. At ele-
vated current densities, the equivalent humidity inside the fuel cell
increases due to an increase in the rate of water generation. Accord-
ing to previous ex situ studies on the effects of humidity on the
conductivity of PBI/H3PO4 membranes [27–29,42], an increase in
humidity results in an increase of the number of water molecules
adsorbed in the membrane. From a proton transport mechanism
perspective, the amount of water adsorbed in the membrane influ-
ences the rate of proton conduction. Thus, changing the amount
of water adsorbed in the membrane modifies the membrane resis-
tance.

3.1.2. Charge transfer resistance versus current density
Fig. 3 shows the anodic, cathodic, and total charge transfer resis-

tance as functions of the current density. It can be seen that the
charge transfer resistance decreases with increasing current densi-
ties. In the low current region, the oxygen reduction reaction (ORR)
at the cathode dominates while the hydrogen oxidation reaction
Fig. 3. Change in charge transfer resistance as a function of current density at 160 ◦C
(basic flow rate: 200 sccm; STH2 /STair : 1.2/2.0; PH2O, anode/PH2O, cathode: 0 bar/0 bar).
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ig. 4. Nyquist plots at 160 ◦C for different current densities (basic flow rate:
00 sccm; STH2 /STair : 1.2/2.0; PH2O, anode/PH2O, cathode: 0 bar/0 bar).

t, is controlled by electron transfer and mass transfer [43]. The
OR occurs on pure Pt for all currents. Thus, Rct,a is much lower

han Rct,c in the low current region but is close to Rct,c in the high
urrent region. These results indicate that, a combination of anodic
nd cathodic charge transfer contributions in the equivalent circuit
hould be used instead of a cathodic charge transfer contribution
hen a PBI/H3PO4 fuel cell is utilized.

.1.3. Mass transfer resistance versus current density
If a fuel cell is operated with an insufficient air or hydrogen,

he mass transfer resistance contributes the most to the total resis-
ance. For air-breathing fuel cells [44,45], this phenomenon is even

ore significant. Jalani et al. [30] previously stated that the sum of
he charge transfer resistance and the mass transfer resistance did
ot significantly change when the cathodic flow rate was higher
han 0.01 moles min−1 at a current density of 0.1 A cm−2, which
s equivalent to 224 sccm. It is well-known that the mass transfer
esistance is not the main contributor to the impedance when the
athodic basic flow rate or the stoichiometric ratio is high enough
19,46]. Therefore, high basic flow rates of 200 sccm were set for
oth the anode and the cathode in this study to minimize the influ-
nce of the mass transfer resistance. As can be seen in Fig. 4, the
ass transfer resistance is not significant for current densities that

re lower than 800 mA cm−2 because there is no third arc in the low

requency region.

Fig. 5 shows the change of the mass transfer resistance with
he current density at 160 ◦C and 180 ◦C using dry hydrogen and
ry air. As shown in Fig. 5, the mass transfer resistance ranges
etween 0.02 ohm cm2 and 0.07 ohm cm2. It is well-known that the

ig. 5. Change in mass transfer resistance as a function of current density at 160 ◦C
nd 180 ◦C (basic flow rate: 200 sccm; STH2 /STair : 1.2/2.0; PH2O, anode/PH2O, cathode:
bar/0 bar).
Fig. 6. Effects of the temperature on the IV curves (basic flow rate: 200 sccm;
STH2 /STair : 1.2/2.0; PH2O, anode/PH2O, cathode: 0 bar/0 bar).

main contributor to the cell resistance at high current densities is
the mass transfer resistance because the gas concentration in the
gas diffusion layer decreases at elevated current densities [47,48].
However, the mass transfer resistance measured in this paper is
much lower than the membrane resistance and the charge transfer
resistance in the low current region. It is also slightly lower than
the membrane resistance and the charge transfer resistance in the
high current region. These results indicate that a proper gas supply
strategy can minimize the influence of the mass transfer resistance.

3.2. Temperature effects on fuel cell performance

Fig. 6 shows the effects of temperature on IV curves using dry
hydrogen and dry air. As can be seen, the performance increases
with the increase of temperature. The voltages at 333 mA cm−2 at
180 ◦C, 160 ◦C, 140 ◦C, 120 ◦C, and 70 ◦C are 0.586 V, 0.569 V, 0.549 V,
0.514 V, and 0.464 V, respectively. As shown in Fig. 6, the tem-
perature has a significant effect on the performance of the cell at
temperatures lower than 140 ◦C. However, there is no significant
effect at temperatures higher than 140 ◦C.
3.3. Effects of temperature on fuel cell resistance

Fig. 7 shows the change of membrane resistance with the recip-
rocal of temperature for different current densities. Previous ex situ
studies showed that the conductivity of the membrane increased

Fig. 7. Change in membrane resistance as a function of the reciprocal of the temper-
ature for different current densities (basic flow rate: 200 sccm; STH2 /STair : 1.2/2.0;
PH2O, anode/PH2O, cathode: 0 bar/0 bar).
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ig. 8. Change in the total charge transfer resistance as a function of the recipro-
al of the temperature for different current densities (basic flow rate: 200 sccm;
TH2 /STair : 1.2/2.0; PH2O, anode/PH2O, cathode: 0 bar/0 bar).

ith the increase of temperature according to the Arrhenius equa-
ion [6,17,27]. Previous in situ studies on PBI/H3PO4 fuel cells also
howed that the cell performance increased with the increase of
emperature [19,30,31]. In our study, the increase of the temper-
ture led to a better cell performance between 70 ◦C and 180 ◦C.
owever, the membrane resistance did not increase when the tem-
erature was increased in this temperature range.

Ma et al. [28] previously reported that the formation of H4P2O7
Eq. (1)) under dry conditions starts at around 130–140 ◦C in PBI.
hus, the proton transfer paths above and below 130 ◦C might be
ifferent under dry conditions. Lobato et al. [31] found that increas-

ng the temperature (to temperatures higher than 140 ◦C) reduced
he level of hydration of the membrane and accelerated the self-
ehydration of H3PO4. Both groups concluded that the loss of water

n the membrane and the formation of H4P2O7 might decrease the
roton conductivity. Thus, the increase in the membrane resistance
bove 130 ◦C observed in this study can be attributed to the dehy-
ration of the membrane and the formation of pyrophosphoric acid.

In addition, the lowest membrane resistance was observed at
30 ◦C for low current densities (<150 mA cm−2) and at 140 ◦C for
igh current densities (>150 mA cm−2). The shift in the lowest point
f resistance is due to the change in current density, which results
n a change of the hydration level of the PBI membrane.

H3PO4 → H4P2O7 + H2O (1)

Fig. 8 represents the change of total charge transfer resistance
ith the reciprocal of the temperature for different current densi-

ies. The charge transfer resistance decreases with an increase of the
emperature. According to the Bulter–Volmer equation, increasing
he temperature leads to an increase in the reaction rate constant
nd results in a considerable enhancement of the fuel cell reaction
inetics. Zhang et al. [19] and Oono et al. [17] both reported such
bservation.

As can be seen in Fig. 8, the discrepancy in the resistance at low
nd high temperatures decreases with the increase of the current
ensity, which is due to the fact that the charge transfer resistance

s coupled with the mass transfer resistance. In the low current
egion, the ORR is only controlled by electron transfer. On the other
and, in the high current region, it is controlled by both electron
ransfer and mass transfer. When temperature is increased in the

igh current region, the mass transfer resistance increases due to a
ecrease in the gas concentration in the diffusion layer [19]. There-
ore, the negative contribution of the increase of the mass transfer
esistance partly offsets the positive contribution of the increase of
he electron transfer rate at elevated temperatures.
Fig. 9. Change in mass transfer resistance as a function of the reciprocal of the
temperature for different current densities (basic flow rate: 200 sccm; STH2 /STair :
1.2/2.0; PH2O, anode/PH2O, cathode: 0 bar/0 bar).

Fig. 9 shows the change of the mass transfer resistance with
the reciprocal of the temperature for different current densities.
The mass transfer is mainly controlled by the rate of gas diffu-
sion and the gas concentration in the diffusion medium (or gas
solubility) [47,49]. While increasing the temperature leads to an
increase in the rate of gas diffusion, it leads to a decrease of the
gas concentration in the diffusion layer. At elevated temperatures,
the mass transfer is a combination of the negative contribution that
results from the decrease in the gas concentration and the positive
contribution that results from the increase of the gas diffusion rate.

As can be seen in Fig. 9, the mass transfer resistance decreases
with increasing temperatures above 140 ◦C, while it increases with
increasing temperatures below 130 ◦C. The location of the peak
resistance seems to shift from 130 ◦C to 140 ◦C when the current
density increases from 50 mA cm−2 to 600 mA cm−2. From a mass
transfer mechanism perspective, the gas diffusion rate may be the
main contributor under dry conditions (high temperatures and low
currents) and the gas concentration may be the main contribu-
tor under humid conditions (low temperatures and high currents).
Oono et al. [17] have concluded that the mass transfer resistance
decreased with increasing temperatures between 150 ◦C and 190 ◦C
at 0.2 A cm−2 because the gas diffusion rate was the main contribu-
tor. Zhang et al. [19] have stated that the gas concentration was the
main contributor between 160 ◦C and 200 ◦C for current densities
that are greater than 1.0 A cm−2. The results of these two previous
studies support our conclusions.

3.4. Fuel cell performance and resistance before and after the test
at 70 ◦C

In experiments on the effects of temperature, the test sequence
was 180 ◦C, 160 ◦C, 140 ◦C, 120 ◦C, 70 ◦C, and 160 ◦C. Fig. 10 shows
the comparison of the cell performances at 160 ◦C before and after
the test at 70 ◦C. The duration of the test at 70 ◦C was 1.5 h. The
performance dropped significantly after the test at 70 ◦C. Indeed,
the voltage at 333 mA cm−2 was 0.569 V before the test at 70 ◦C
while it was 0.537 V after the test. As can be seen in Fig. 11, the
charge transfer resistance did not change after the test at 70 ◦C.
However, the membrane resistance increased significantly after the
test at 70 ◦C. The PBI/H3PO4 membrane resistance is mainly influ-

enced by the temperature, humidity, and acid doping levels. In this
experiment, the temperature and humidity in the two tests were
identical. Therefore, the increase of the membrane resistance may
be attributed to the decrease in acid doping levels [2,18], i.e., to
the loss of acid when the cell was operated at 70 ◦C. Acid loss may
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ig. 10. Cell performance at 160 ◦C before and after the test at 70 ◦C t (dura-
ion of the test at 70 ◦C: 1.5 h; basic flow rate: 200 sccm; STH2 /STair : 1.2/2.0;
H2O, anode/PH2O, cathode: 0 bar/0 bar).

ccur via different mechanisms, such as diffusion, capillary trans-
ort, membrane compression, evaporation, and leaching caused by
ondensed water during shutdowns and cold starts. In our case,
e believe that the acid leached out due to liquid water. Thus, fur-

her efforts are required to prevent acid loss when the fuel cell is
perated at dynamic temperatures.

.5. Effects of humidity on fuel cell performance

Fig. 12 shows the change of the cell performance with the water
apor pressure at 160 ◦C for different current densities. As can be
een, the effects of humidity on a PBI fuel cell is less significant than
he effects of humidity on a Nafion membrane fuel cell. This is due to
he fact that the conductivity of a PBI membrane is less dependent
n water than that of a Nafion membrane. The minimum number of
ater molecules adsorbed per sulphonic site needs to be between 6

nd 7 for a Nafion membrane [50]. On the other hand, the number
f water molecules adsorbed per PBI repeat unit is only of about

[27], and the number of water molecules adsorbed per H3PO4
olecule is between 0 and 1.1 [51,52]. Thus, it can be concluded

hat the effects of humidity on the performance of a PBI fuel cell is
ot significant.

ig. 11. Cell resistance at 160 ◦C before and after the test at 70 ◦C (basic flow rate:
00 sccm; STH2 /STair : 1.2/2.0; PH2O, anode/PH2O, cathode: 0 bar/0 bar).
Fig. 12. Change in cell performance as a function of the water vapor pressure at
160 ◦C for different current densities (basic flow rate: 200 sccm; STH2 /STair : 1.2/2.0).

As shown in Fig. 12, the open circuit voltage (OCV) decreases
with the increase of the water vapor pressure. This can be inter-
preted using the Nernst equation (Eq. (2)). From a thermodynamic
point of view, an increase of the water vapor pressure results in a
reduction of the OCV.

EOCV = E0 + RT

2F
ln

(
PH2 P1/2

O2

PH2O

)
(2)

For current densities between 33 mA cm−2 and 333 mA cm−2,
the cell voltage did not change significantly when the water vapor
pressure was changed. On the other hand, for current densities
greater than 583 mA cm−2, the cell voltage slightly increased when
the water vapor pressure was increased. These results indicate that
the difference between the OCV and the voltage for a specific cur-
rent density decreases when the humidity is increased. This is due
to the fact that an increase in humidity results in a decrease of the
membrane resistance, which in its turn results in a decrease of the
voltage difference according to the Ohm’s law, �V = iRmembrane.

The decrease of the membrane resistance for high humidity lev-
els is discussed below.

3.6. Effects of humidity on fuel cell resistance

Fig. 13 shows the change of the membrane resistance with
the water vapor pressure at 160 ◦C for different current densities.
The membrane resistance decreased with the increase of the gas
humidity. Wippermann et al. [53] observed a similar phenomenon.
In their work, the membrane resistance was reduced when the fuel
was switched from dry hydrogen to humidified hydrogen. This phe-
nomenon may be attributed to the increase of the amount of water
that is adsorbed in the membrane.

As reported in the literature, the water content in the fuel cell
membrane affects the proton conductivity and the fuel cell perfor-
mance. Thus, the effects of humidity on the membrane conductivity
for Nafion membranes [54,55] and PBI membranes [6,27,28,42,56]
have been thoroughly studied to understand the proton conduction
mechanism.
Pu et al. [57] proposed that the proton transport in a PBI/H3PO4
membrane involves two mechanisms, the Grotthuss mechanism
[58] and the vehicle mechanism [59]. The Grotthuss mechanism
states that protons are transported by a rapid proton exchange via
hydrogen bonds between solvent molecules, which include acid
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ig. 13. Change in membrane resistance as a function of the water vapor pressure at
60 ◦C for different current densities (basic flow rate: 200 sccm; STH2 /STair : 1.2/2.0).

olecules, the heterocyclic PBI nitrogens, and the water molecules.
he vehicle mechanism states that protons are transported by self-
iffusion of acid and water molecules.

In the two proton transport mechanisms, increasing the num-
er of water molecules in the membrane can increase the proton
onductivity by either increasing the proton diffusion rate or
he probability of proton hopping via hydrogen bonds as water

olecules can act as an additional protic solvent (Eq. (3)) in the
BI/H3PO4 system, which also increases the proton transport rate.

3PO4 + H2O → H2PO4
− + H3O+ (3)

Fig. 14 shows the change of the total charge transfer resis-
ance with the water vapor pressure at 160 ◦C for different current
ensities. At 50 mA cm−2, the charge transfer resistance decreased
ith the increase of the water vapor pressure. At 100 mA cm−2 and

00 mA cm−2, the charge transfer resistance did not change sig-
ificantly when the humidity was modified. For current densities
reater than 400 mA cm−2, it increased slightly with the increase

f the water vapor pressure. The charge transfer resistance con-
ributes to the resistance of the catalyst kinetics, the interfacial
harge transfer resistance on the electrolyte side (Rct,E) [60], and
he interfacial charge transfer resistance on the reactant side (Rct,R)

ig. 14. Change in total charge transfer resistance as a function of the water
apor pressure at 160 ◦C for different current densities (basic flow rate: 200 sccm;
TH2 /STair : 1.2/2.0).
Sources 195 (2010) 7152–7159

[43]. The resistance of the catalyst kinetics is independent of the
gas humidity over the entire current range, but Rct,E and Rct,R are
influenced by both the current density and the gas humidity.

In the low current region, the reactant adsorbed on the cata-
lyst surface was saturated and Rct,R was almost constant. However,
Rct,E varied because the water content between the electrolyte and
the catalyst was not saturated. Therefore, increasing the humidity
resulted in an increase of the water content at the interface between
the electrolyte and the catalyst (i.e., it increased the Pt surface area
covered by the electrolyte) and in a decrease of Rct,E [60]. On the
other hand, in the high current region, the rate of water generation
was high and the water content between the electrolyte and the
catalyst was almost saturated. Consequently, Rct,E was considered
to be constant in the high current region. On the other hand, Rct,R
became variable because the reactant on the catalyst surface was
not saturated. Therefore, in the high current region, the increase
in humidity (i.e., the decrease of the reactant concentration in the
diffusion layer) increases the charge transfer resistance by increas-
ing Rct,R [43]. Although it was observed that the charge resistance
changed when the humidity was modified, the effects of humid-
ity at 160 ◦C are minor. This is due to the fact that the PBI/H3PO4
high temperature membrane fuel cell is not really water depen-
dent.

Fig. 15 shows the change of the mass transfer resistance with
the water vapor pressure at 160 ◦C for different current densities.
The mass transfer resistance increased with increasing humidity. In
Section 3.3, we concluded that the gas concentration mainly con-
tributed to the mass transfer resistance under humid conditions.
Thus, the increase of the mass transfer resistance in Fig. 15 is due
to the decrease of the reactant concentration that results from the
increased humidity. Nakamura et al. [61] have found that the mass
transfer resistance significantly increased when the humidity was
increased for a Nafion-based PEMFC at 80 ◦C. The reason for the
decrease of the mass transfer resistance was that liquid water par-
tially covered the catalyst layer and blocked the flow channels. In
this study, the fuel cell was operated above 100 ◦C and the water
molecules inside the fuel cell were therefore gaseous. Thus, the
mass transfer resistance of the high temperature membrane fuel
cell was not subject to the change of the effective catalyst area

and the flooding phenomenon in flow channels when the humid-
ity was changed. These are the reasons why the changes in the
mass transfer resistance are minor (<0.035 ohm cm2), as seen in
Fig. 15.

Fig. 15. Change in mass transfer resistance as a function of the water vapor pres-
sure at 160 ◦C for different current densities (basic flow rate: 200 sccm; STH2 /STair :
1.2/2.0).
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. Conclusions

Based on the EIS analysis of the PBI/H3PO4 fuel cell, it is rec-
mmended to use a combination of anodic and cathodic charge
ransfer contributions in the equivalent circuit instead of a cathodic
harge transfer contribution because the HOR becomes as impor-
ant as the ORR for elevated current densities.

The experimental results on the effects of the temperature
nd humidity indicate that the cell performance is significantly
mproved by increasing the temperature but not by increas-
ng the gas humidity. The membrane resistance was reduced at
levated temperatures because the membrane conductivity was
ncreased according to the Arrhenius equation. It was also reduced
or elevated gas humidity levels because of the hydration of the

embrane. In addition, increasing the temperature simultaneously
educes the hydration level of the membrane. The formation of
4P2O7 and the self-dehydration of H3PO4 also starts at around
30–140 ◦C in PBI. Thus, increasing the temperature decreases the
embrane resistance at temperatures that are lower than 130 ◦C

nd increases the membrane resistance at temperatures that are
igher than 140 ◦C.

The charge transfer resistance decreases with increasing tem-
eratures and decreases with increasing gas humidity levels in the

ow current region. However, it slightly increases with increasing
as humidity levels in the high current region. Although the charge
ransfer resistance is mainly affected by the resistance of the cat-
lyst kinetics, our results show that the interfacial charge transfer
esistance on the electrolyte side and the interfacial charge trans-
er resistance on the reactant side are considerable under certain
onditions.

In conclusion, the gas diffusion rate is the main contributor to
he mass transfer resistance under dry conditions while it is the gas
oncentration under humid conditions.

The PBI/H3PO4 fuel cell should not be operated below 100 ◦C
ecause the cell performance can be reduced due to the acid loss
hat results from the leaching caused by condensed water.
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