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Even though the measured open-circuit voltage in a H,—0, PEM fuel cell is invariably about 200-250 mV
lower than that predicted from thermodynamics (1.229V at 25 °C), there is no unequivocal explanation
of this phenomenon available in the literature, although several hypotheses exist. Based on a theoretical
model of mixed potential with a priori parameters, it is shown here that this voltage loss under open-

circuit conditions can be attributed exclusively to hydrogen crossover and the resulting oxygen reduction
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imental results.

reaction overpotential at the cathode. The analytical model predictions agree well with available exper-
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1. Introduction

It is an irksome fact of life that the open-circuit voltage (OCV)
of the low temperature polymer electrolyte membrane (PEM) fuel
cell is typically only around 0.95-1.05V, as shown in Fig. 1 [1] ver-
sus temperature, rather than the reversible voltage Vjy (1.229V at
25°C) promised by thermodynamics. What is worse is that, despite
extensive study over the course of three-quarters of a century, there
is no clear explanation in the literature for this loss of around 20%
in OCV, which causes a corresponding loss in the fuel cell efficiency,
since efficiency of a fuel cell, ¢ = (V/Vy)eo, where V is the fuel cell
voltage, V; is the thermodynamic voltage, and &g is the thermo-
dynamic efficiency. Clearly, an unambiguous understanding of the
main reason for this in PEM fuel cells is important, which is the
objective of this paper.

The various hypotheses advanced to rationalize this observa-
tion center around the extremely low-exchange current density
for the 4-electron oxygen reduction reaction (ORR) on Pt
(i3~10’10A cm~2) coupled with one or more side reactions occur-
ring at the cathode in addition to the ORR [2,3]. The presence of
side reactions results in either a “rest potential,” i.e., an equilib-
rium potential for a closed system, or a “mixed potential,” i.e., a

Abbreviations: HOR, hydrogen oxidation reaction; MEA, membrane electrode
assembly; OCV, open-circuit voltage; ORR, oxygen reduction reaction; PEM, polymer
electrolyte membrane; RH, relative humidity.

* Corresponding author. Tel.: +1 508 831 6036.

E-mail address: rdatta@wpi.edu (R. Datta).

0378-7753/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2009.10.023

steady-state potential for an open system, e.g., a fuel cell, that is sig-
nificantly lower than the thermodynamic potential (Fig. 1). Some of
the possible side reactions p proposed are summarized in Table 1
[3], which can, of course, proceed in either direction depending
upon the overpotential of electrode reaction p, np=® — @, ,
where @ is the electrode (rest, or mixed) potential, and ® ¢ is the
equilibrium potential for an individual reaction p. However, there is
little consensus on which, if any, is the dominant parasitic reaction
in this list.

If the fuel cell OCV were determined by the thermodynamic
equilibrium potential in the presence of side reactions, the over-
potential 1, as well as the net current of each electrode reaction
o must individually be zero, i.e., i, :fp —7,) =0, so that the rest
potential ® = &, ¢ is determined via simultaneous solution of the
corresponding Nernst equations for the independent reaction set

n
RT
— o o Voi
®9,0_®p’0+vprl__ln H aye (1)
i=1
i#e”

where QD‘I’)’O is the standard electrode potential, i.e., for unit activi-
ties a; of species i, and v, is its stoichiometric coefficient in reaction
p, while v .- is that for electrons in it. For instance, if H;0, were
considered a side product, even though minor, at the cathode, there
are two independent overall reactions (ORs) at the cathode, namely,
the ORR (reaction 3 in Table 1), along with one more OR involving
H,0,, e.g., reaction 7 in Table 1.
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Nomenclature

concentration of the gaseous species i within the
Nafion

D; diffusion coefficient of gaseous species i within
Nafion

Enor,o, effective activation energy for HOR

Eorr,o, effective activation energy for ORR

F Faraday’s constant, 96,487 Ceq~!

i fuel cell current density (A cm~2 of geometric elec-
trode area)

fint total internal current consisting of short-circuiting
and crossover currents, Acm—2

ism electrical-short-circuit current

ixc crossover current at the cathode

ixA crossover current at the anode

io exchange current density (A cm~2 of geometric elec-
trode area)

i current density (A cm~2 of metal catalyst surface)

ij exchange current density (Acm~2 of metal catalyst
surface)

ia ref exchange current density at reference conditions
(Acm~2 of metal catalyst surface)

iaL anode limiting current density (Acm~—2)

icL cathode limiting current density (Acm=2)

ki permeability of gaseous species i within Nafion

Ki partition coefficient of gaseous species i within
Nafion

ky, permeability of hydrogen within Nafion

ko, permeability of oxygen within Nafion

Ly membrane thickness

L. thickness of the electrolyte (Lg = Ly)

N; , flux of species i in the membrane along the z direc-
tion

ocv open-circuit voltage (V)

Di partial pressure of species i (atm)

R gas constant (Jmol~1K-1)

R; Interfacial resistance (2 cm?)

T Temperature (K)

Tref Reference temperature (K)

Vo Thermodynamic open-circuit potential =
(®o,c — Do,a) (V)

%4 Fuel cell voltage (V)

Greek symbols

g fuel cell efficiency

(o} electrode potential

D0 half-cell thermodynamic (reversible) potential (V)
of electrode reaction p

Z,O standard half-cell thermodynamic potential (V) of

electrode reaction p, i.e., for unit activities

O cathode potential

D40 thermodynamic potential of HOR

Np overpotential of electrode reaction p = ® — @, (V)
V)

NxA anodic overpotential (V)

nx.c cathodic overpotential (V)

Vi stoichiometric coefficient of species i in reaction p

Vpe- stoichiometric coefficient of electrons in reaction p

ay, effective transfer coefficient of the electrode reac-
tion p

YM roughness factor (cm? metal cm~2 geometric elec-
trode area)

ome-  electronic conductivity of the membrane

OEL protonic conductivity of the membrane

Open Circuit Voltage (V)

0.95 — OCV from thermodynamics
—E©— Measured OCV, Nafion 117
—&— Measured OCV, Nafion 112
091 —@— Predicted OCV, Nafion 117
—&— Predicted OCV, Nafion 112

0.85 L L L L L L '
20 30 40 50 60 70 80 80 100

Temperature °C

Fig. 1. Model prediction of open-circuit voltage (OCV) for a PEM fuel cell as a func-
tion of temperature and membrane thickness. Experimental values are taken from
Ref. [1] (anode: Hy, cathode: air, 3 atm, 100% RH).

On the other hand, in a steady-state system, the overpoten-
tials i, # 0, and are such that the currents from anodic (electron
generating) and cathodic (electron consuming) reactions occurring
simultaneously on the electrode add up to zero, i.e., there is no net

current, Zip = 0, which determines the resulting mixed potential

P

@ as well as the parasitic current, as shown schematically in Fig. 2.
In other words, there is at least one anodic reaction occurring at
the cathode that provides the electrons and protons consumed by
the cathodic ORR and resulting in an overpotential. This, of course,
is akin to corrosion.

Thus, a common explanation for the OCV is the formation
of H,0, via one of the reactions mentioned in Table 1, which
could, in principle, alter the cathode thermodynamic potential.
Alternately, the presence of H,O, could sustain an anodic cur-
rent density necessary for a mixed potential. However, it has been
argued that the concentration of any H, O, is far too small for this
[3].

An alternate explanation involves the presence of surface oxides
via Pt corrosion via one or more reactions mentioned in Table 1.
However, in an open system such as a fuel cell, reactions involving
Pt or C support (reaction 8 in Table 1) cannot go on indefinitely and,
hence, must also be rejected as the explanation for the observed
OCV.

The explanation favored by Bockris and Srinivasan [3] in the
study of the half-cell open-circuit potential of ORR in a liquid elec-
trolyte, is an anodic oxidation reaction (reaction 9 in Table 1) due to

Table 1
Possible reactions involving O,, Hy, carbon support C, impurity CHy, and Pt at the
PEM fuel cell cathode [3].

Standard electrode
potential, <I>;’)v0 (V)

Reaction no., p Overall reaction

1 H,0; + 2H" + 2e~ = 2H,0 1.77
2 PtO3 +2H" +2e~ < PtO, + H,0 1.48
3 0, +4H"' 4+ 4e~ = 2H,0 1.229
4 PtO, + 2H' + 2e~ = Pt(OH), 1.11
5 Pt(OH), + 2H" + 2e~ = Pt + 2H,0 0.98
6 PtO +2H" +2e~ < Pt 4+ H,0 0.88
7 0, +2H' 4+ 2e~ = Hy0, 0.68
8 C+2H,0 = COy +4HT + 4e- 0.207
9 CHy +2H,0 s ?
COy +(x+4)H" + (x +4)e
10 2H" +2e- S Hy 0.00
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Fig. 2. Current-potential curves for ORR and a hypothetical impurity oxidation
reaction intersecting at mixed potential and a corresponding parasitic current.

the presence of “an organic impurity present at low concentrations
in solution and having a reversible potential of 0.2-0.3 V” that com-
promises the cathodic current of the ORR, i.e., reaction 3 in Table 1.
In careful experiments they found that the OCV tended toward the
1.23V value for the ORR when care was taken to rigorously free
the electrolyte solution of any traces of impurities. A schematic
representation of the resulting mixed potential is given in Fig. 2,
showing anodic and cathodic potential versus current relations
for ORR and the oxidation of an organic impurity, the intersection
of the two curves representing the graphical solution for OCV as
the mixed potential. However, again this explanation involving an
organic impurity seems unlikely for the OCV of a H,-0, PEM fuel
cell operating for hundreds or thousands of hours.

A more plausible explanation attributes the observed OCV in
an operating fuel cell to H, crossover and/or internal electrical
short-circuiting [4]. Thus, Laraminie and Dicks [4] suggest that the
electrolyte supports a very small amount of electronic conductivity,
so that small short-circuiting currents are possible. More impor-
tantly, however, they propose that hydrogen crossover supports a
small “internal current” of around, ix =2 mA, which can cause an
activation overpotential of around 0.3V at the cathode, estimated
based on a Tafel equation, n = bIn(ix/ip), for ORR with empirical
parameters, i.e., a Tafel slope b=60 mV, and an ORR-exchange cur-
rent density iop=4.0 x 10~> mA cm~2. Our more careful theoretical
analysis below based on a priori parameters supports the latter
explanation as the exclusive reason for the observed phenomenon.

A more recent experimental investigation of Zhang et al. [1] on
the effect of temperature on OCV considered a variety of possible
explanations: (1) reduced partial pressures of O, and H; at higher
temperatures due to humidification, as explained by the Nernst
equation, (2) mixed potential of the Pt/PtO catalyst surface, and (3)
hydrogen crossover. They concluded that the loss of OCV is due
mainly (135 mV at 80 °C) to the Pt/PtO catalyst surface, and secon-
darily (56 mV at 80 °C with Nafion 112) to hydrogen crossover.

In another recent study on membrane degradation and OCV,
Sompalli et al. [5] also assume that the OCV is determined by the
parasitic current caused by a combination of the permeation of
H, and Ohmic shorting through the membrane, the latter being
a minor contributor. Like Laraminie and Dicks [4], these authors
calculate the resulting cathode overpotential via an empirical Tafel
equation. Further, they propose OCV as a key diagnostic indica-
tor of membrane health [5]. Thus, membrane thinning and pinhole

formation leads to an increase in hydrogen crossover and conse-
quently a decline in OCV. They further reason that the OCV is higher
at lower relative humidity (RH), due to the lower H; crossover rate
[5]. Based on the hypothesis that higher OCVs lead to enhanced
chemical degradation of the membrane, the degradation rate would
thus be higher at lower RH. They further conclude that any para-
sitic currents caused by carbon corrosion at the cathode are also
negligible, being an order of magnitude smaller as compared with
those from hydrogen crossover (0.1-1 mA cm—2).

In short, despite its ubiquitous nature and practical significance,
there is an absence of a clear, quantitative, and unambiguous expla-
nation for the observed OCV in a low temperature PEM fuel cell.
We theoretically analyze below the role of hydrogen crossover in
PEM fuel cells, in shortchanging the OCV from its promised value
of around 1.23V, and show that hydrogen crossover can, in fact,
explain the entire potential loss under open-circuit conditions.
Further, it is able to rationalize the commonly observed effect of
temperature and the presence of any pinholes or membrane thin-
ning on the drop in OCV of a PEM fuel cell.

2. Theory

A schematic of the various processes that occur as a result of
the permeation is provided in Fig. 3. Thus, as shown in Fig. 3, even
though there is no external current i under open-circuit conditions,
there are internal short-circuiting currents i, because of: (1) the
minor electronic conductivity of the electrolyte membrane, namely
the electrical-short-circuit current, i ys; and (2) due to the permeat-
ing H, and O, across the membrane that cause small local crossover
currents at the cathode and the anode, respectively (i.e., ixc and
ixa), thus polarizing the two electrodes even under open-circuit
conditions.

The H, that permeates over to the cathode from the anode
can, in principle, undergo oxidation on the Pt catalyst with O,
either chemically, or electrochemically, or via both of these path-
ways. However, keeping in mind that the cathode potential ® is
very high (~1.0V) as compared to the thermodynamic potential
of hydrogen oxidation reaction (HOR), i.e., ®4 0 = 0.0V, there is a
huge overpotential of around n~ 1.0V for the HOR at the cathode,
thus dramatically enhancing the electrochemical route, and mak-
ing it the likely pathway [6]. Therefore, we will ignore the chemical
route to the hydrogen oxidation at the cathode. Thus, the electro-
chemical HOR provides electrons, or a crossover current at cathode,
ixc, for the ORR at the cathode even under open-circuit conditions
(Fig. 3).

Similarly, in principle, there is some ORR occurring at the anode
because of the small amount of O, permeating through the PEM

& External Current, i e
Anode, D, Membrane Cathode,®
A 4
Su,0 Copi
H, 5 2H‘+@ 0, +4H" +4¢ 5 2H,0
™ - A
Anode E e €.+ 1 Cathode
‘~ .D .
cross-over, ! .. et e’ lcross-over,
G Hor Toees s =] .
{,r PEM electricabghort, H
i ey
0, +4H* +4¢ 5 2H,Q il . H, 5 2H *@
— H
z=0 z=Ly >z

Fig. 3. Schematic representation of various electrode reactions and the resulting
external and internal crossover and electrical short-circuit currents.
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from the cathode to the anode. This robs electrons from the HOR
occurring at the anode, thus resulting in a crossover current at
anode, ix 4 (Fig. 3). In addition, there is an electrical-short-circuit
current across the PEM, isy even under open-circuit conditions
due to the tiny electronic conductivity of the electrolyte, as shown
schematically in Fig. 3. Thus, the total internal current, ij,; at a
given electrode consists of the electrical-short-circuit current and
the crossover current due to fuel permeation, e.g., at the cathode,
fint,c = ix,c +is,m-

In other words, the open-circuit condition is not strictly an equi-
librium condition, but is rather a steady-state condition with small
internal currents. As mentioned above, the steady-state condition
is defined at each electrode by the sum over all electrode reac-

tions (HOR and ORR) at a given electrode, Zip = 0, rather than by

P
individual i, =0, as required by the equilibrium condition. Thus, at
either electrode, the current for the HOR and that for the ORR are
equal and opposite at steady state, akin to corrosion currents.

These parasitic currents cause overpotentials at the anode and
the cathode, so that the observed OCV is given as

OCV = Vo — nx.a + 7Nx,c (2)

where 7, = ® — ®, ¢ is the overpotential for the electrode reac-
tion p. Thus, it is positive for anode and negative for the cathode.The
thermodynamic cell voltage, Vo = (®g,c — ®o.4). For the case of liq-
uid water being produced in the low temperature PEM fuel cell, i.e.,
for 2H, + 0, = 2H,0(1), the thermodynamic voltage is

_ RT
Vo = 1.229 — 8.46 x 10~4(T — 298) + ﬁlnpzl_,zpoz (3)

In order to compute the crossover electrode overpotentials 1x 4
and nx¢ under open-circuit conditions, let us first consider the
crossover flux of gaseous species i (H, or O,) across the PEM.
Under steady state, isothermal conditions, and no reaction within
the Nafion layer, the one-dimensional species diffusion equation in
Cartesian coordinates may be integrated subject to (Fig. 3):

B.C.1: atz=0, Ci‘z=0 =Gio 4
B.C.2: atz=ILu. G, =cu, @

to provide the concentration profile of species i within the elec-
trolyte layer
Cin—Ci 7
i,0 i T (5)
Ci,o — CiLy M
i.e., the concentration profile within the membrane is linear for both
H, and O, (Fig. 3).
The species flux in the membrane then from Fick’s law is

D; k;
N, = ﬁ(ci,o = Ciy) = ﬁ(Pt,o —DiLy) (6)

where ¢; is the concentration of the gaseous species i within the
Nafion phase, D; is the diffusion coefficient of i within Nafion, and
the membrane permeability, k; = Dj«;/RT (mol atm~1 s~1). Here, the
partition-coefficient, ; = (¢/cic)eq represents the solubility of the
gaseous species i in the membrane.

The permeating species (H, or O,) undergoes electrochemical
reaction p (HOR or ORR) at the electrode, as shown schematically
in Fig. 3. Thus, the corresponding current density

iX :Fv,oe*Ni,z (7)

where F is the Faraday’s constant. At steady-state, this diffusion
flux is equal to the rate of the electrode reaction, which may be
described via Butler-Volmer equation of the form [7]

. . . (X;)U;)E,Fﬂp
iy = i {2 sinh (RT (8)

where oc;) is the effective transfer coefficient of the electrode reac-
tion p, taken as symmetry factor of the rate-limiting step (RLS)
(typically 1/2) in the sequence of molecular steps involved in the
electrode reaction p, and v;e, is the stoichiometric coefficient of
electrons in the RLS.

In the above, the exchange current density on the basis of the

geometric electrode area [7]

ix = ymiy;io = ymig (9)
where y) is the catalyst roughness factor, and the current density
with the asterisk, i, is defined in terms of per unit active metal
catalyst surface area. Further, the exchange-current density under
actual conditions in a PEM fuel cell is related to that under reference
conditions via

. Di E<1>0 1 1 .
ip = expq ——- | = — =— [ 10
0= M (pi,ref> P { R (T Tref 0.ref (10)

where p; is the partial pressure of the permeating species at the
electrode.

The final equation needed for the steady-state at an electrode
under OCV conditions (i.e., when the external current i=0) is

> ip=0 (11)
P

i.e., the sum of current densities of HOR and ORR occurring at an
electrode (anode or cathode) is zero. Finally, for completeness, we
must account for the electrical-short-circuit current is s across the
PEM as well, which from Ohm’s law

iSva(”M*e’) (12)
s Ly

where oy .- is the electronic conductivity of the membrane. This
current must be added to the crossover currents at the two elec-
trodes to compute the overpotential.

3. PEM fuel cell analysis

Let us apply the above analysis to the crossover of H, and the
ensuing HOR at the cathode (Fig. 3). The crossover current density
corresponding to the hydrogen flux in the membrane is

_ (Fvhop e- )k,

ixc= I (PH,,0 — PHy,Ly ) (13)

which is also equal to that from the HOR kinetics at the cathode
at the overpotential nx ¢

i i PH,, Ly Enorao (1 1
e = yMsClHOR,O,ref PH ref exp _T T B Tref
2

x 2 sinh { O{;iORV;-io&e—F(nx,c + Vo) }

RT (14)

where we have combined the Butler-Volmer equation with the cor-
relation for exchange-current density. Of course, since this is equal
and opposite of the ORR current at the cathode

. - Doy, Ly EORR,<I>0 1 1
xc = yM,CloRR,O,ref Do, ref el R T TrEf
2,

a8 prVorr e F(11x,C)
><25inh{ORR OR’;; X< (15)

The above 3 equations, Egs. (13)-(15) contain 3 unknowns,
namely, the partial pressure of Hp at the cathode py, 1, the
crossover current at the cathode iy ¢, and the cathode overpotential
nx,c under open-circuit conditions, which can all hence be found
via simultaneous solution.
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4. Limiting case

Let us consider the limiting case when py, ,, — 0. This is
entirely plausible because of the very high overpotential at the cath-
ode for HOR. Then the solution is greatly simplified. Thus, from Eq.
(13), we have

_ (Funog e- ku,
Ly

which can, hence, be directly evaluated from the permeability
data for H,. Thereupon, the cathode overpotential nx ¢ can be found
from either of the two kinetics equations for HOR or ORR above (Eq.
(14) or (15)). Finally, including the electrical-short-circuit current
is v, Eq. (12), as well, we have

RT . _1 | (Fvyor.e- )kn,PH,,0 + Vo, e-
nxc=| —————— | sinh S
O‘ORR"ORR,e—F MIORR,0

ix,c PH,,0 (16)

(17)

An identical analysis can be done for the permeation of O,
and the resulting open-circuit anode overpotential. For the limiting
case, as above,

NxA= __RT )\t (Fvorr,e- K0, P01y + VoM, e-
, UorVHor e F 2LpmiHoR,0

(18)

Eqgs. (17) and (18) may finally be substituted into Eq. (2) to eval-
uate V, i.e., OCV. In the event that the electronic conductivity of
the membrane is small, the second term in the curly brackets can
further be neglected. Clearly, however, the validity of the model
depends upon the veracity of the model parameters, discussed next.

5. Model parameters

Sakai et al. [8,9] hypothesized that H, or O, permeates mainly
through the hydrated ion-cluster regions of the Nafion membrane,
while Broka and Ekdunge [10] suggest that the permeation pro-
cess involves both, the hydrated ionic clusters and the amorphous
region of Nafion. It is known, thus, that hydrated Nafion has higher
gas permeability as compared to dry Nafion but lower than that in
water [6]. Thus, dry Nafion has permeability coefficient for H, or
0, similar to or lower than that for Teflon, while hydrated Nafion
membrane has permeability coefficient approaching that in water
[6,8,9]. We use the correlation provided by Kocha et al. [6] for the
permeability of hydrogen in Nafion

~21,030Jmol ™

-8
ky, = 6.6 x 107° exp ( R

) molbar—'ecm=1s~!

(19)

The permeability of oxygen in Nafion is approximately half that
of hydrogen in Nafion [6,8,10]. Thus, we assume
_ kHz

ko, = —*mol bar~! cm~

Ts1 (20)

The electrical conductivity of Nafion, however, is not as well
documented in the literature. Using a similar rationale as above,
the electrical resistivity of Nafion in the dry state may be expected
to be close to that of Teflon, while in the hydrated state it would
be approaching the electrical resistivity of deionized water. The
resistivity of Nafion at 50% RH is about 6x10°Qcm [11], which
provides an estimate for the electrical conductivity of Nafion,
Ope- ~ 1% 10-8Scm~1, a value similar to the electrical conduc-
tivity of water in equilibrium with CO, in air [12]. On the other

Table 2

Roughness factor (cm? metal cm~2 geometric electrode area) for anode and cathode
as determined by Song et al. [13] in low current density region, measured at 3.0 atm
pressure and 100% RH.

Temperature (U C) ¥M,Anode ¥M,cathode
23 44.5 305.0
40 283 168.0
60 283 152.0
80 30.7 106.0
100 13.0 78.0

hand, Sompalli et al. [5] give a membrane electronic resistance of
1-20kS2 cm?2, which results in 0.1-0.02 mA cm—2.
For the HOR, we further assume a;_IOR =1/2, and the

exchange-current density i?iiozz,o,ref =1x102Acm=2 of metal
catalyst surface, commonly reported in the literature [7]. The
effective activation energy for HOR on PtRu/C is taken as
EHor, o, =34.6kmol~!, higher than that on Pt [13]. For the
ORR the exchange-current density is of the order 10-1© Acm~2,

i€ ipr e =1 X 10-19Acm~2 of metal catalyst surface [14].

We use aZ)RR = 1/2, and the effective activation energy on Pt/C as
given by Neyerlin et al. [15], is taken as Eggg, ¢, = 67 K] mol 1.

The roughness factor may be estimated using catalyst loading
and nanoparticles size [7]. However, here we simply adopt the val-
ues reported by Song et al. [13], obtained experimentally utilizing
the surface cyclic voltammetry measurements as shown in Table 2.
Thus, all the model parameters are adopted from the literature as
discussed above, and are summarized in Table 3.

6. Results and discussion

Zhang et al. [1] have experimentally monitored the OCV for PEM
fuel cell with H, as the anode feed and air as the cathode. In their
experiments, the anode and cathode consisted of PtRu/C and Pt/C,
respectively with a total loading of 1.0mgcm~2, and the rough-
ness factors for the anode and the cathode provided in Table 2.
Thus, Egs. (2), (17) and (18) are solved simultaneously to calcu-
late the OCV using the parameters from Table 2 and Table 3. Fig. 1
compares the model predictions with experimental observations
of Zhang et al. [1] for PEM fuel cell at 100% RH and 3.0 atm pres-
sure, as a function of temperature and membrane thickness. The
comparison between theory and experiments is hence quantita-
tive with no fitted parameters. Further, as expected, the thicker
membrane (Nafion 117) would have lower crossover currents and
hence, higher observed OCV. Finally, the variation in the observed
OCV as a function of temperature depends on a number of parame-
ters, e.g., ORR activation energy, roughness factor. In this particular

Table 3
Parameters employed in the OCV model.
Parameter Value Units
K, 6.6 x 102 exp (—%) molbar~! cm~' s~
ko, kHTZ molbar~! cm~1s-1
OM.e- 1x10°¢ Scm™!
. 1/2 -
i 1x10°3 Acm2
Etor,o, " 34.6 k] mol-!
o 1/2 -
I 1x10°10 Acm2
Eorr,0q 67.0 kJ mol-!
Tres 293 K
Chy ref 3.96 x 10> molcm—3
Coy.ref 8.32x 1076 molcm—3

" Activation energy for Pt/C.
# Activation energy for PtRu/C.
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Fig. 4. Anode overpotential as a function of total internal current.

case, the change in slope of observed OCV may be attributable to the
change in slope of the roughness factor as a function of temperature
(Table 2).

In order to further investigate the relative significance of the
hydrogen and oxygen crossover, Figs. 4 and 5 provide the effect
of the total internal current, i;,, on the anode and cathode over-
potential, respectively. It is evident from Fig. 4, that the anode
overpotential is insignificant even for an internal current as high
as 10mA cm~2. However, Fig. 5 indicates that the cathode over-
potential is substantial and, in fact accounts for practically all
of the observed incongruity between experimental OCV and the
reversible potential. Further, we find that the electrical short-circuit
current is approximately one order of magnitude lower than the
crossover current for a pin-hole free MEA, an observation similar
to that by Cleghorn et al. [16]. Thus, the Ohmic shorting does not
noticeably affect the observed OCV. In view of this, thus, Eq. (17),
can be further simplified into

F )k
e = ( . R:T )sinh_1 {( VHOR, e )<H2PH2,0} 21)

YoRRVORR, e~ 2Lmiorr,0

Further, since the anode overpotential is negligible as compared
to the cathode overpotential, we have, V =~ Vj + nx ¢. Substituting

= (mV)
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Fig. 5. Cathode overpotential as a function of total internal current.
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Fig.6. Polarization curve for H,-0, fuel cell with Pt/C electrodes (0.5 mg cm~2) from
ETEK, Nafion 115, T=70°C, P=1 atm, 100% RH, o, = 0.1Scm™, E ¢, = 18K] mol ™!
forPt/C,icy = 1.75Acm™2, is; =4Acm2,R =0, yu=116.62.Rest of the val-
ues are provided in Table 3.

Egs. (3) and (21) in this, thus

_ RT
OCV = 1.229 — 8.46 x 10~%(T — 298) + 37 InPh,po,

Fy, -k,
N < ' R.T > sinh-1 {( HOR, e .) Hszz,O} (22)
%orrVorr e F 2Lmiorer,0

In short, thus, the observed OCV at a given temperature and
gas partial pressures and its deviation from the thermodynamic
potential of 1.23 V is entirely explained by the cathode overpoten-
tial due to hydrogen permeation, which is adequately described by
the above relation.

Additionally, in the presence of an external current i, the total
current for the cathode is the sum of the external and the internal
short-circuiting current. Then the corresponding V-i relationship
can be written as [7]

—7RT sinh™! 1 71'/%0
. F 2\ 1-i/iay

+7,R,T sinh~! 1 M
agvy, F 2\ 1= (i+ixc)/ict

_i (Lﬂ) ~i(Ry) (23)

OFEL

V=V,

where the crossover current ix ¢ is given explicitly by Eq. (16).
An example of a resulting plot is provided in Fig. 6. y)=116.62 is
predicted for the ETEK electrodes using correlations provided in
Ref. [7]. It is evident that the predictions are reasonable with the a
priori parameters, and that the crossover current makes a material
difference only at very low current densities.

Pronounced effect of oxygen and hydrogen crossover on
membrane degradation under open-circuit conditions have been
reported by Inaba et al. [17] and Endoh et al. [18], respectively.
Ionomer loss and membrane thinning has been observed under
open-circuit conditions by Liu and Crum [19], which may result in
pinhole formation and increased gas crossover. Of course, with the
onset of membrane thinning and pinhole formation due to chemical
degradation and fatigue, the crossover current increases, eventually
leading to the failure of the MEA. It must be noted that gas crossover
in the absence of catalyst does not cause membrane degradation.
Consequently, the permeation of reactants and their subsequent



S.A. Vilekar, R. Datta / Journal of Power Sources 195 (2010) 2241-2247 2247

catalyzed electrochemical reaction is critical for the degradation of
membrane. While the mechanism is not entirely clear, the high rate
of membrane degradation at OCV may be attributed to H,O, [20].
Thus, it may be argued that at the low cathode overpotential under
OCV conditions, more H, O, is produced, which is an intermediate
species in the ORR. At higher overpotentials at the cathode, H,0,
can be further reduced into water. These qualitative observations
insinuate a strong dependence between fuel permeation and OCV.
Understanding the correlation between gas crossover and OCV, is
thus of fundamental significance. The model presented in this study
quantitatively shows that OCV is an indication of the fuel crossover
and its electrochemical consumption, implicated by the enhanced
membrane degradation under OCV conditions.

Furthermore, crossover of the reactant gases can also cause car-
bon corrosion [21]. Catalyst dissolution and precipitation within
the membrane has been observed under open-circuit conditions
and it was found that the location of catalyst precipitation is
affected by the fuel permeation through the membrane [22].
Finally, the negative effect of fuel crossover on OCV is particularly
significant for direct alcohol fuel cells [23-26]. The current model-
ing framework can also be extended to explicate these findings.

7. Conclusion

We provide a simple model that predicts the effect of fuel
permeation on open-circuit voltage in PEM fuel cells. Model pre-
dictions are entirely consistent with the experimental observation.
To segregate the effect of oxygen versus hydrogen crossover, we
find that the crossover current due to oxygen permeation does
not significantly affect the anode overpotential and hence has no
noticeable effect on the observed OCV. For a pin-hole free mem-
brane, electrical short-circuit current is an order of magnitude
smaller than the H, permeation current. Thus, it is shown that
hydrogen crossover entirely accounts for the observed loss of about
0.2V under open-circuit conditions. The OCV, furthermore, is an
important diagnostic tool to determine the physical well-being of
the membrane during prolonged operation, and to identify any
membrane degradation in the form of membrane thinning or pin-
hole formation.
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