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bstract

Open circuit voltages (OCVs) for a PEM fuel cell operating at 3.0 atm, 100% relative humidity and in the temperature range of 23–120 ◦C
ere measured. It was observed that the OCV decreased with increasing temperature. Analysis of the partial O2 and H2 pressures in the feed

treams revealed that the decrease in partial pressures with temperature were largely responsible for the decrease in OCV. The difference between

he theoretical and measured OCVs was analyzed based on the literature, calculations, and hydrogen crossover measurements at OCV. It was
oncluded that the difference in OCV is caused mainly by two factors, one is the mixed potential of the Pt/PtO catalyst surface, and the other is
ydrogen crossover.

2006 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, great effort in polymer electrolyte membrane
uel cells (PEMFCs) R&D has been concentrated on increasing
he power density, reducing the cost, and improving the reliabil-
ty/durability [1]. To increase the power density, one approach is
o increase the single cell performance. High temperature oper-
tion (> 80 ◦C) of PEMFCs is considered as an effective way to
mprove the performance in terms of reaction kinetics, catalyst
olerance, heat rejection and water management [2–13]. It fol-
ows that high temperature PEM fuel cells are considered to be
he next generation of fuel cells.

In the effort to speed-up fuel cell commercialization, the
ational Research Council of Canada has created a horizontal

uel cell program, from which a high temperature PEM fuel cell
roject is being funded. In this paper, the open circuit voltages
OCVs) of high temperature PEMFCs in the temperature range
f 23–120 ◦C were found to be temperature dependent, and their

alues were always lower than the theoretically expected values.
o date, a quantitative explanation for such OCV behavior has
ot been clear in the literature. One explanation attributes this

∗ Corresponding author. Tel.: +604 221 3087.
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ehavior to H2 crossover and/or internal current, as described in
he fuel cell book written by Larminie and Dicks [14]. A mixed
otential [15–18] was widely used to interpret the lower open
ircuit voltage in an acidic medium, when compared to the ther-
odynamic value of the oxygen electrode (about 1.23 V versus
HE at 25 ◦C). This mixed potential is a result of the cathodic

our-electron oxygen reduction reaction (ORR), and the anodic
xidation that is considered to be either Pt oxidation [18] or
he oxidation of impurities [15]. Parthasarathy et al. [12,19,20]
mployed a micro Pt electrode coated with a thin Nafion mem-
rane, which is similar to a fuel cell cathode/membrane environ-
ent, and observed behaviour of the open circuit voltage. The

ow OCV values, ∼0.9–1.0 V (versus NHE), were attributed to
he mixed potential and to the effect of contamination. In the
ffort to obtain a broader picture of this fundamental issue, fur-
her investigation using literature data, theoretical calculations,
C impedance spectroscopy and H2 crossover measurements
as been conducted and the results are presented in this paper.

. Experimental
Nafion 112 and Nafion 117 membranes (DuPont) were used
s the proton electrolyte membranes. They were treated in 3%
2O2(aq), and then in 1 M H2SO4(aq) for 1 h at 60–80 ◦C, sep-
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rately, followed by a careful washing step with double distilled
ater.
Membrane electrode assemblies (MEAs), with an active area

f 4.4 cm2, were prepared by hot pressing the anode, Nafion 112
or 117) membrane, and cathode together. The anodes and cath-
des consist of Pt/Ru (20% PtRu/C, E-TEK) and Pt (40% Pt/C,
-TEK), respectively, with a total Pt loading of 1.0 mg cm−2

n each MEA. The MEAs were tested using an in-house single
ell hardware fed with 100% RH (relative humidity) H2 and air
t a fixed flow rate of 0.1 L min−1, and 1 L min−1, respectively.

bladder pressure of 100 psig was used to hold the single cell
ogether and provide sufficient electrical contact between the

EA and the graphite bipolar plates.
A Fideris fuel cell test station controlled with FC Power soft-

are was used for OCV data collection. Cyclic voltammetry was
erformed on the fuel cell by simultaneously flushing the cath-
de compartment with N2 and the anode with H2. In this case,
he anode served as both the reference and counter electrodes,
nd the cathode served as working electrode.

Hydrogen crossover was measured using a steady state elec-
rochemical method, during which the fuel cell cathode com-
artment was flushed with nitrogen to remove O2, followed
y applying a potential of 0.5 V (versus hydrogen reference
lectrode) relative to the H2 flushed anode. At this potential,
ll H2 that has crossed over from the anode to the cathode
hould be oxidized (hydrogen oxidation reaction, HOR) giving
current indicative of the amount of hydrogen that has crossed
ver.

A Solartron FRA 1260 and a Solartron 1287 potentiostat
ere used for AC impedance measurements at fuel cell open

ircuit voltage conditions. A perturbing amplitude of 5 mV in
he frequency range of 7000–0.1 Hz was employed. The purpose
f OCV AC impedance experiments is to obtain the apparent
xchange current densities of individual anodic H2 oxidation
nd cathodic O2 reduction reactions.

. Results and discussion

.1. Kinetic parameters

According to the Butler–Volmer equation, the cathodic and
nodic kinetic current densities can be expressed as Eqs. (1) and
2), respectively [21]:

Ic = ioO2
(e

n�OαOFηc
RT − e− n�O(1−αO)Fηc

RT )

(Cathodic ORR on Pt/PtO) (1)

Ia = ioH2
(e

nαH αH Fηa
RT − e− nαH (1−αH )Fηa

RT )

(Anodic HOR on Pt) (2)

In Eqs. (1) and (2), Ic and Ia are the cathodic and anodic cur-
ent densities, and ioO as well as ioH are the apparent exchange
2 2
urrent densities for cathodic O2 reduction and anodic H2 oxi-
ation reactions, respectively. For simplicity, it is assumed that

o
O2

and ioH2
can be used to describe the behaviour of the three-

imensional catalyst layer structure. For an electrode charge

m
c

w

ources 163 (2006) 532–537 533

ransfer controlled process, this assumption should be valid
22,23]. R is the universal gas constant (8.314 J mol−1 K−1), and

is the temperature (K). n�O and n�H are the electron transfer
umbers in the rate determining steps for cathodic O2 reduc-
ion and anodic H2 oxidation reactions, respectively. The value
f n�H is 1.0, which has been widely reported in the literature
23–25]. For the value of n�O, two cases should be considered.
he first case is the oxygen reduction polarization curve in the

iterature has two Tafel slopes [12,19,20,26–28]. In the low cur-
ent density range (higher cathode potential range where the
lectrode surface is partially covered by PtO), where the slope
s ∼60 mV/decade at 25 ◦C, corresponding to a n�O value of 2.0
or αo ≈ 0.5. For the second case, the Tafel slope in the higher
urrent density range is around 120 mV/decade with a n�O value
f 1.0, corresponding to a low cathode potential range where the
lectrode surface is pure Pt. The nc in Eq. (1) can be expressed
s Er

c − Ec, and na in Eq. (2) can be expressed as Ea − Er
a,

here Er
c and Er

a are the thermodynamic electrode potentials
or reversible electrode potentials) for cathodic ORR and anodic
OR, respectively. However, Er

c can be decreased by a surface
t–O2 reaction and H2 crossover oxidation, which will be dis-
ussed in detail in a following section. Ec and Ea are the electrode
otentials under operation conditions.

The electron transfer coefficient in Eq. (1), αo, is a tem-
erature dependent parameter as reported in the literature
12,29–32], and can be expressed as:

o = αo
oT (3)

here αo
o-Pt/PtO = 0.00168 K−1 in the temperature range of

5–250 ◦C. Therefore, Eq. (1) can be rewritten as:

c = ioO2
(e

n�OαoTFηc
RT − e− n�O(1−αoT )Fηc

RT ) (4)

Eq. (1) or (4) is for cathodic O2 electroreduction on a Pt/PtO
urface. A surface cyclic voltammogram (not shown here) of
he cathode showed that when the cathode potential is >∼0.8 V
versusNHE) (low fuel cell current density range), the Pt catalyst
urface will be covered partially by a PtO layer with surface
overage of ∼0.3 [33–35]. Only when the cathode potential is
ower than 0.8 V (high current density range), will the catalyst
urface be pure Pt. It has been demonstrated that the kinetics of
2 electroreduction on a pure Pt surface is different from that on
PtO surface [28,36,37]. In this paper, the focus is on the OCV
f a PEM fuel cell, therefore, the high current density reaction
where the catalyst surface is pure Pt) will not be perused. For the
node side, the electrode potential is unlikely to become positive
nough to result in a PtO surface.

.2. Apparent exchange current densities for the cathodic
RR

In Eq. (1) or (4) for the cathodic reaction, a critical parameter
s the apparent exchange current density (ioO ), which can be
2
easured using AC impedance spectroscopy at OCV fuel cell

onditions.
Fig. 1 shows the fuel cell reaction Nyquist plot at 80 ◦C,

ith 3.0 atm of backpressure and at 100%RH. Note that this
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ig. 1. Nyquist plot for a fuel cell operated at OCV, 80 ◦C, 3.0 atm, and 100%
H.

yquist plot is actually a sum of the impedances contributed
y both the anode and the cathode. As a result, the equivalent
athode impedance is much larger than that of the anode by
n order of ∼104, the measured impedance can be treated as
ssentially the cathode impedance. At the high frequency end,
he X-intercept is the membrane resistance (Rm), which is not
xamined in this paper. The diameter of the semicircle (ROCV

ct−O2
)

s the charge transfer resistance at OCV. A proposed equiva-
ent circuit for the fuel cell reactions is shown as an insert in
ig. 1, where Rc and Ra are the charge transfer resistances for

he cathode and anode reactions, respectively. The sum of Rc and
a is ROCV

ct−O2
, that is, ROCV

ct−O2
= Rc + Ra. Cc and Ca are charge

ransfer related double layer capacitances for the cathode and
node, respectively. Because Rc � Ra, Rc is equivalent to the
OCV
ct−O2

measured. At OCV conditions, if the interrupting volt-
ge is small enough (<5 mV) that the overpotential, ηc, is much
maller than RT/n�OαOF, Eqs. (1) or (4) can then be approxi-
ated as:

c = RT

n�oFioO2

Ic (5)

For AC impedance measurements using a very small AC
nterrupting voltage at OCV, the obtained ROCV

ct−O2
can be

xpressed as Eq. (6) by differentiating Eq. (5):

OCV
ct−O2

= ∂ηc

∂Ic
= RT

n�oFioO2

(6)

Based on Eq. (6), the apparent exchange current density can
OCV
e calculated if Rct−O2

and n�o(=2.0) are known. The obtained
pparent exchange current densities for the ORR at different
emperatures are listed in Table 1. The data listed in Table 1
ill be used for cathode overpotential calculations using H2

rossover data and Eq. (4).

d
t
t
p
p

able 1
easured apparent exchange current densities at OCV, 3.0 atm, 100% RH and differe

emperature (◦C) 23 40 60

o
O2

O2 reduction (A cm−2) 1.22 × 10−4 2.43 × 10−4 3.
ig. 2. Partial pressures of O2, H2 and H2O in the fuel cell feed streams as a
unction of operating temperature, 3.0 atm, and 100% RH.

.2.1. Fuel cell OCV
A fuel cell open circuit voltage, EOCV, can be expressed as:

OCV = Er
c − Er

a (7)

here Er
c and Er

a can be expressed in the Nernst form shown in
qs. (8) and (9) separately:

Er
c = Eo

c + RT

4F
ln (PO2 [H+]

4
)

(For cathode reaction : O2 + 4H+ + 4e− → 2H2O) (8)

Er
a = Eo

a + RT

2F
ln

(
[H+]2

PH2

)

(For anode reaction : H2 ↔ 2H+ + 2e−) (9)

In Eqs. (8) and (9), Eo
c and Eo

a are the standard cathode and
node potentials, respectively. Eo

c is a temperature dependent
onstant (=1.229 − 0.000846 × (T − 298.15) [38]), Eo

a is zero
t any temperature, PO2 and PH2 are the partial pressures (atm)
f O2 and H2, respectively and [H+] is the molar concentration
f protons (mol L−1). A theoretical OCV can be calculated by
eriving Eqs. (8) and (9) to yield Eq. (10):

OCV
theor = 1.229 − 0.000846 (T − 298.15) + RT

4F
ln [PO2 (PH2 )2]

(10)

Fig. 2 shows the temperature dependent partial pressures of
2, H2 and H2O, respectively, in the feed streams of a fuel cell
perating at 100% RH and at 3.0 atm of backpressure. Dramatic
rops in partial pressures of O2 and H2 are observed when the

emperature is higher than ∼80 ◦C. This could be one cause of
he decrease in fuel cell performance when the operating tem-
erature is higher than 80 ◦C, as reported in the author’s previous
aper [39].

nt temperatures

80 100 120

92 × 10−4 4.60 × 10−4 3.43 × 10−4 2.24 × 10−4
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ig. 3. Fuel cell OCVs as a function of temperature, 3.0 atm backpressure, and
00% RH.

Based on the data shown in Fig. 2, a fuel cell theoretical
CV can be calculated using Eq. (10). Fig. 3 compares calcu-

ated temperature dependent OCVs at 3.0 atm backpressure, and
00% relative humidity to those of experimentally tested OCVs.
trend of decreasing OCVs with increasing temperature can be

bserved. This is mainly caused by the drops in partial pressures
f both O2 and H2 with increasing temperature.

The measured OCVs (EOCV
Measured), listed in Table 2, are

ll lower than the theoretical OCVs (EOCV
Theor). The difference

etween the theoretical and measured OCVs is mainly caused
y two different drops in potential (�EOCV

Pt−O2
and �EOCV

H2−xover

s listed in Table 2). One drop (�EOCV
Pt−O2

) is caused by a
eaction between the Pt surface and O2, resulting in a mixed
athode potential (EOCV

mixed) [12,18–20,35], and the other drop
�EOCV

H2−xover) is caused by H2 crossover from the anode to cath-
de, reacting with O2 reducing the O2 surface concentration,
esulting in a decrease in the Er

c value by an amount equivalent
o �EOCV .
H2−xover

For a mixed cathode potential, a local-cell mechanism has
een put forward to explain the Pt–O2 reaction mechanism at
he electrode in an O2 saturated acidic solution [18,35,40,41].

a
p
o

able 2
pen circuit voltages (OCVs) at 3.0 atm, 100% RH and different temperatures

emperature (◦C) 2

heoretical open circuit voltage (EOCV
Theor) (V) 1

easured open circuit voltage (EOCV
Measured) (V)

Nafion 117 based MEA 1
Nafion 112 based MEA 1

ixed open circuit voltage (EOCV
Mixed) (V) 1

pen circuit voltage drop caused by surface Pt–O2 reaction (�EOCV
Pt−O2

) (V) 0

pen circuit voltage drop caused by H2 crossover (�EOCV
H2−xover) (V)

Nafion 117 based MEA 0
Nafion 112 based MEA 0

orrected open circuit voltage (EOCV
Corrected) (V)

Nafion 117 based MEA 1
Nafion 112 based MEA 1

he fuel cell MEAs were based on Nafion 112 and Nafion 117.
ources 163 (2006) 532–537 535

he mixed potential is composed of both the cathodic
2/H2O reaction potential (O2 + 4H+ + 4e− ↔ 2H2O, Eo

c =
.229V (versus NHE)), and the Pt/PtO anode reaction potential
Pt + H2O ↔ PtO + 2H+ + 2e−, Eo

Pt/PtO = 0.88V (versus NHE)).
he local electrochemical reaction on the Pt surface could create
PtO surface coverage of 30%, and the remaining 70% remains
s pure Pt. At steady-state mixed potential, a complete layer of
t–O can never be achieved in order to keep the reaction of Pt to
tO continued due to the diffusion of Pt–O into the bulk metal.
he reported mixed cathode potential is around 1.06 V (versus
HE) at standard conditions (25 ◦C, 1.0 atm) [18,35] with an
2 partial pressure dependence of 15 mV atm−1. The tempera-

ure dependent values of EOCV
mixed listed in Table 2 were calculated

ased on these mixed cathode potentials. The values of �EOCV
O2−Pt

n Table 2 were calculated according to Eq. (11).

EOCV
O2−Pt = EOCV

Theor − EOCV
Mixed (11)

The calculated mixed OCV (EOCV
mixed) was also plotted as a

unction of temperature in Fig. 3 for comparison. Even when
he mixed cathode potential is accounted for, ∼50–80 mV and

20–50 mV difference between the mixed OCVs and measured
CVs can still be seen for the MEAs based on Nafion 112 and
afion 117, respectively. It is believed that this difference is

aused by a secondary factor, that is, H2 crossover. Fig. 4 shows
2 crossover current densities as a function of temperature for
afion 112 and Nafion 117 membrane based MEAs. The cathode
verpotentials caused by H2 crossover were calculated based on
he H2 crossover current densities of Nafion 112 and Nafion
17 based MEAs. The corrected curves, which were calculated
ccording to Eq. (12) were also plotted in Fig. 3 for comparison:

OCV
Corrected = EOCV

Measured + �EOCV
O2−Pt + �EOCV

H2−xover (12)

Where the cathode potential decrease caused by H2 crossover
�EOCV ) was calculated according to Eq. (4) using the
ssumed that H2 that has crossed over could react with O2 to
roduce a corresponding cathodic current density in the same
rder of magnitude, resulting in a depression of the cathode

3 40 60 80 100 120

.241 1.228 1.210 1.192 1.169 1.136

.011 1.009 1.005 1.000 0.975 0.948

.042 1.041 1.039 1.021 1.008 0.985

.060 1.060 1.059 1.056 1.051 1.040

.182 0.168 0.152 0.135 0.119 0.096

.025 0.024 0.022 0.024 0.037 0.052

.054 0.049 0.053 0.056 0.071 0.088

.249 1.234 1.213 1.180 1.164 1.133

.247 1.226 1.210 1.191 1.164 1.133
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otential. It is believed that the H2 that has crossed over can
orm a local half-cell electrochemical reaction on the cath-
de, such as H2 ↔ 2H+ + 2e−, resulting in a mixed cathode
otential in a similar way to that of the half-cell reaction
Pt + H2O ↔ PtO + 2H+ + 2e−) does. When calculating cathode
verpotentials at different temperatures using Eq. (4), the appar-
nt exchange current densities of the cathodic reduction reaction
isted in Table 1 were used together with a n�O value of 2.0.

As shown in Fig. 3, for both Nafion 112 and Nafion 117
embranes based MEAs, the corrected OCVs are fairly close to

he theoretical OCVs, confirming that the difference between
he theoretical and measured OCVs is indeed caused by H2
rossover and the mixed potential. In the literature, the mixed
otential on a Pt/PtO surface has been widely used to explain
he difference between the theoretical and measured OCVs
12,18–20,35]. H2 crossover from the anode to cathode that
educes the cathode potential has also been used to interpret
his difference [1]. However, on a Pt electrode coated with a
hin Nafion membrane, which is similar to a fuel cell cath-
de/membrane environment, the observed open circuit voltage
as also around 0.9–1.0 V (versus NHE) [12,19,20]. Because

he measurements were carried out in a half-cell apparatus, no
2 was present in the electrode assembly. Therefore, this lower
CV in comparison to the mixed potential, was explained as a

esult of Nafion coating contamination due to impurities rather
han H2 crossover. In order to confirm H2 crossover caused a
eduction in cathode potential at the given fuel cell conditions, a
afion 117 based MEA, with the same anode and cathode elec-

rodes as the Nafion 112 based MEA, was fabricated and used
o obtain fuel cell OCVs at different temperatures. The mea-
ured H2 crossover current densities and OCVs were plotted in
igs. 4 and 5, respectively, together with those of the Nafion 112
ased MEA. It is clear that the OCVs of a Nafion 117 based MEA
re higher than those of a Nafion 112 based MEA, suggesting
hat a thicker membrane (Nafion 117, ∼175 �m) can give higher
CVs compared to a thinner membrane (Nafion 112, ∼50 �m).

his is mainly because the H2 crossover through a thicker Nafion
17 membrane is less than that through a thinner Nafion 112,
s shown in Fig. 4. This result confirms that H2 crossover is

ig. 4. H2 crossover current densities as a function of temperature at OCV with
ifferent MEAs, 3.0 atm backpressure, 100% RH.

R

[
[

[

[

[

ig. 5. Measured OCVs as a function of temperature with Nafion 117 and Nafion
12 based MEAs at 3.0 atm backpressure, 100% RH.

ndeed one of the two major factors causing a reduction in fuel
ell OCVs.

. Conclusion

Temperature dependent OCVs of a fuel cell were obtained
n the temperature range of 23–120 ◦C. The measured OCVs
re always lower than the theoretical values. Based on the liter-
ture, calculations and experimental measurements, the differ-
nce between the theoretical and measured OCVs was mainly
aused by two factors. One is the mixed cathode potential and
he other is H2 crossover.
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