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bstract

The performance of a phosphoric acid doped polybenzimidazole (PBI) membrane, with Pt and Pt–Ni/C catalysts on the anode and cathode,
espectively, was experimentally determined at 160 ◦C using neat H2 and O2. The resulting current voltage relation was then compared to a

erformance curve calculated from previously established values for the exchange current density and activation energy of the oxygen reduction
eaction (ORR) on Pt–Ni/C. An overall voltage loss >200 mV, regardless of current density, was observed for the MEA relative to the predicted
erformance, implying about two orders of magnitude decrease in the exchange current density for the ORR. The reduction in exchange current
ensity was attributed to anion (H2PO4

−) adsorption.
ublished by Elsevier B.V.
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. Introduction

Proton exchange membrane fuel cells (PEMFC) that can
perate simultaneously at high temperature (>120 ◦C) and low
elative humidity (RH) are desired to improve water manage-
ent and facilitate the removal of waste heat [1,2]. Moreover, the

igh temperatures (>120 ◦C) serve to both limits the adsorption
f CO on Pt [3–5], a poison that lowers the kinetics of hydro-
en oxidation reaction (HOR) and ORR [6], as well as increase
he kinetics of the ORR due to the substantial activation energy
f the reaction. For example, an increase in operating temper-
ture from 80 to 160 ◦C increases the rate of the ORR on Pt/C
y two orders of magnitude [7]. Nevertheless, high temperature
roton conducting materials would have to provide sufficient
onductivity (on the order of 0.1 S cm−1) at low to zero relative
umidity, since maintaining high levels of humidification makes

or a more complex system at such high temperatures.

Investigations into high temperature proton exchange mem-
rane materials have increased in recent years; with phosphoric
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igh temperature

cid doped PBI (polybenzimidazole)-based materials showing
romise [8,9] (i.e. reasonable conductivities with no addi-
ional external humidification). However, recently, Lobato et al.
ttributed increases in charge transfer resistance for the ORR
o electrochemical surface area reduction caused by the phos-
horic acid electrolyte [10]. Correspondingly, phosphoric acid
oisoning of the cathode catalyst has been proposed as the pri-
ary reason behind large amounts of catalyst required to elicit

easonable cell performance [11]. If this is indeed true, depend-
ng on the extent to which the acid alters the performance of
he catalyst, the benefits of high temperature operation may be
ompletely erased.

This study serves to establish a kinetic baseline for the per-
ormance of a phosphoric acid doped PBI membrane having a
t/C anode and a Pt–Ni/C cathode. By comparing the experi-
ental results obtained here with performance predicted from

revious studies of the ORR on Pt–Ni/C catalysts, we will be
ble to isolate the extent to which the rate of the ORR is altered.

. Theoretical background
In the absence of mass transport and anode voltage loss con-
iderations (i.e. ηHOR ≈ 0, see Section 4 and Ref. [12]) [12], the
nticipated performance of a PEMFC (EiR-free) relies primarily
pon the reversible cell voltage (Erev) and the voltage loss due to

mailto:kcneyerlin@uh.edu
dx.doi.org/10.1016/j.jpowsour.2007.10.030


Powe

t

E

O
g

E

w
4
l

η

w
o
c
t
c
t
L
P
c
o
a
p

t
p
t
(

E

H
f
t
E
e
i

E

3

3

s
P
c
n
(
r
p

a
h
p
(
p
w
i
a

3

u
t
i
(
o
r

3

d
t
a
p
N

3

i
e
fl
s
0

3

t
i
fl
V
1
d

3

v

K.C. Neyerlin et al. / Journal of

he kinetics of the oxygen reduction reaction (ηORR) (Eq. (1)):

iR-free = Erev − ηORR (1)

The reversible cell potential at ambient pressures of H2 and
2 as a function of temperature and relative humidity can be
iven by Eq. (2) [13]:

rev = 1.23 − 0.9 × 10−3(T − 298) − RT

2F
ln

(
RH

100

)
(2)

here T is the operating temperature of the cell, in this case
33 K (160 ◦C) and RH is the relative humidity. The voltage
oss for the ORR, where pO2 = 101.3 kPa, is given by Eq. (3):

ORR = b log

[
i + ix

10LcaAPt,eli∗o,s exp[−Erev
c /RT (1 − T/T ∗)]

]
(3)

here b is the Tafel slope, 2.303RT/αcF and αc, taken to be
ne as in many publications [7,14–17], is the cathodic transfer
oefficient (i.e. the product of the symmetry parameter, �, and
he number of electrons transferred in the reaction (n)) [18], ix the
urrent due to H2 gas crossover from the anode to the cathode,
he factor 10 in the denominator is for unit conversion purposes,
ca (mgPt cm−2) the cathode Pt loading, APt,el (m2

Pt/g−1
Pt ) the real

t surface area in the MEA, i∗o,s the catalyst specific exchange
urrent density normalized to reference oxygen partial pressure
f 101.3 kPa and a reference temperature (T*) of 333 K (60 ◦C),
ndErev

c is the activation energy of the ORR at the reversible cell
otential (zero overpotential).

Conversely, one can arrive at the equivalent expected poten-
ial (EiR-free) by correcting the observed cell voltage (Ecell),
roduced in the absence of mass transport and HOR overpoten-
ial losses, for membrane protonic and cell electronic resistances
R�) as shown in Eq. (4):

iR−free = Ecell + iR� (4)

ence, the predicted cell voltage, using values of i∗o,s (obtained
rom MEA studies [19]) and Erev

c (obtained from liquid elec-
rolyte experiments [20]) for the ORR on Pt–Ni/C, along with
qs. (1)–(3), and the observed ohmic-free cell voltage (obtained
xperimentally using Eq. (4)) should be equivalent, as presented
n Eq. (5):

rev − ηORR = Ecell + iR� (5)

. Experimental

.1. Cell preparation and operating conditions

A phosphoric acid doped polybenzimidazole membrane,
andwiched by a 1.0 mgpt cm−2 Pt anode and 0.7 mgpt cm−2

t–Ni/C alloy cathode was used in this study and purchased
ommercially. The membrane had an in situ (compressed) thick-

ess of 100 �m. The thicknesses of the anode and cathode layer
i.e. catalyst layer plus diffusion media) were 415 and 350 �m,
espectively. Gasket thicknesses of 400 �m were used to com-
ress the MEA between 12 and 15% at 50 inch/pounds of torque.

l
p
w
p
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The single cell was conditioned at 160 ◦C and 0.2 A cm−2 for
bout 24 h. Neat H2 and O2 flows of 100 sccm with no additional
umidification were used as reactant gases. The cell and gas
ressures were kept at ambient pressure throughout the study
i.e. pH2 = pO2 = 101.3 kPa). After the conditioning period, a
olarization curve (0.02, 0.03, 0.05, 0.1, 0.2, and 0.4 A cm−2)
as taken at 160 ◦C, with a Solartron SI 1287 electrochemical

nterface. Each current density was held for 20–25 min, though
steady voltage was observed within the first few.

.2. ac impedance

A Solartron SI 1287 impedance/gain-phase analyzer was
sed to produce full frequency ac impedance spectra (100 kHz
o 0.1 Hz) following each point on the polarization curve. The
ntercept with real axis, measuring zero imaginary impedance
zero phase angle), was taken to be the cell resistance (sum
f the protonic membrane resistance and the cells electronic
esistance).

.3. Quantifying cell electronic resistance

A completely identical cell, less a membrane, was built to
etermine the sum of the experimental cell’s electronic resis-
ances, i.e. contact resistances between the flow fields and DMs
s well as bulk electronic resistances of the DMs and micro-
orous layers. The method was similar to previous studies by
eyerlin et al. [7,21,22].

.4. Quantifying anode overpotential

A hydrogen pump or hydrogen concentration cell was set up
n a similar fashion to that previous described [12,21,22]. This
xperiment, however, was conducted at 160 ◦C with a hydrogen
ow of 100 sccm. Pressure drop between the anode and cathode
ide was minimal (<1 kPa) resulting in an open cell voltage of
.6 mV.

.5. Hydrogen crossover

Hydrogen permeability was determined in a method similar
o that described by Inaba et al. [23]. Neat H2 and N2 were fed
n with no additional humidification at ambient pressure with
ow rates of 100 sccm to the anode and cathode, respectively.
oltage was swept from the equilibrated rest potential (about
20 mV) to 400 mV at 10 mV s−1. The resulting current was
ue to hydrogen permeability through the membrane.

.6. Electrochemical surface area

Hydrogen adsorption/desorption data was collected via cyclic
oltammetry for the purpose of determining the cathode cata-

yst’s real surface area. The cell was kept at 25 ◦C and ambient
ressure while reactant gases with no additional humidification
ere passed through the cell. Hydrogen and nitrogen were sup-
lied at a 25 sccm to the cathode and anode, respectively. Voltage
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Fig. 1. Cell voltage (solid line) and anticipated anode voltage loss (dashed
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In order to “personalize” the predicted voltage to this par-
ticular the test cell, a value for the real catalyst surface area,
APt,el in Eq. (3), had to be established. Fig. 3 shows a CV for
the cathode side of the MEA, a Pt–Ni/C catalyst with a loading
ine) vs. current density for a hydrogen concentration cell with a H3PO4 doped
BI membrane having a 1.0 mgPt cm−2 anode and a 0.7 mgPt–Ni cm−2 cathode,
perating at 160 ◦C and dry hydrogen at ambient pressure.

as swept at a rate of 10 mV per second from 0.05 to 0.5 V and
lotted versus the corresponding current. After correcting for
rossover current, the electrochemical surface area was deter-
ined by integrating the H-adsorption charge in the cathodic

weep (shaded area in Fig. 3).

. Results and discussion

.1. Quantifying anode overpotential

A hydrogen pump or hydrogen concentration cell was used
o confirm the assumption of negligible anode overpotential in a
igh temperature phosphoric acid doped PBI membrane. Fig. 1
isplays the voltage of a hydrogen-pumping cell (solid symbols,
olid line) and the anode voltage loss (hollow symbols, dashed
ine) versus current density at 160 ◦C and ambient pressure (i.e.
H2 ≈ 101.3). The anode voltage loss is calculated based on

he measured cell voltage, R� (measured after each point), and
he ratio of anode catalyst layer thickness to total catalyst layer
hicknesses (γ). In other words the ohmic losses and overpoten-
ial are assumed to be evenly distributed and we are trying to
xtract only those occurring on the anode side.

Vanode = γ(Ecell − iR�) (6)

Fig. 1 illustrates that anode voltage loss is negligible, a mere
–5 mV at 0.4 A cm−2. Thus, any difference between the pre-
icted and observed voltages more substantial than ∼15 mV
ould represent a significant discrepancy.

.2. Hydrogen crossover

To eliminate the possibility that hydrogen permeation

hrough the membrane, and a corresponding crossover cur-
ent, may compromise the conclusion of the study, a hydrogen
rossover current was determined experimentally and accounted
or in the experimental data. As seen in Fig. 2, the current was

F
a
s
r

ig. 2. Current due to hydrogen crossover as a function of current for a cell
perating at 160 ◦C with dry H2 and N2 at ambient pressure.

etermined to reside between 4 and 5 mA cm−2 at 160 ◦C. A
alue of 4 mA cm−2 was accounted for when plotting the exper-
mental current densities (i.e. plotted values for current density
n Fig. 4 include the applied current plus the crossover cur-
ent). These values correspond to a H2 permeability between 2.0
nd 2.5 × 10−15 mol cm cm−2 s−1 Pa−1, which is in good agree-
ent with the value of 1.2–4.0 × 10−15 mol cm cm−2 s−1 Pa−1

eported for acid doped PBI at 160 ◦C by He et al. [24].

.3. Catalyst surface area
ig. 3. CV of a 0.7 mg cm−2 Pt–Ni/C cathode at 25 ◦C with dry H2 and N2 at
mbient pressure using a sweep rate of 10 mV s−1. The real electrochemical
urface area was obtained from integration of the H adsorption area (shaded
egion).
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Fig. 5. Proton conductivity vs. current density for a PBI-based material (solid
c
c
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n

K.C. Neyerlin et al. / Journal of

f 0.7 mgpt cm−2. The real Pt surface area was resolved from
he hydrogen adsorption area (shaded portion) of Fig. 3, assum-
ng that the charge came only from hydrogen interaction with
he Pt surface [25], which has a corresponding surface charge
f 210 �C cm−2

Pt [26]. The obtained ESA value of 38 m2 g−1
Pt

as well within the expected range of 36–50 m2 g−1
Pt previ-

usly reported for Pt–Ni catalysts [25,27].

.4. Membrane conductivity

While the method of comparison here utilizes ohmic-free
oltages, the power output of a fuel cell is related to the actual
ell voltage and the current density at which it is observed. The
ain difference between the two voltages, of course, results from

roton conduction through the cell membrane. Thus, membrane
onductivity is a vital diagnostic when it comes to cell perfor-
ance. Fig. 4a shows full frequency sweep ac impedance data,

ollected after each data point on the polarization curve. Fig. 4b
hows a zoom-in of the high frequency intercept with the real
xis, zero imaginary resistance, which was used to obtain val-
es for membrane protonic plus cell electronic resistances (R�).

o attain values for membrane conductivity, the cells electronic
esistance (Re−), measured to be 0.055 � cm2 (see Section 3),
as subtracted from R� and divided into the membranes thick-

ig. 4. (a) Full frequency ac impedance sweeps taken after 20–25 min equili-
ration periods for a cell operating at 160 ◦C with dry H2 and O2 at ambient
ressure for various current densities. (b) Zoom-in of the high frequency, real
ntercept region of (a).
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ircles) at 160 ◦C with no external humidification. Also displayed are the proton
onductivities for Nafion® 112 (solid line) and a Low EW PFSA (dashed line)
t 100% RH and 80 ◦C.

ess (δmem ≈ 100 �m) as described by Eq. (7):

mem = δmem

R� − Re−
(7)

The resulting values for membrane conductivity as a func-
ion of current are displayed in Fig. 5 (solid circles). For
omparison, these values are plotted along with conductivity
alues for two other membranes. Both the values for Nafion®

solid line) and low EW (<800) PFSA (dashed line)) mem-
rane conductivity were obtained at 80 ◦C and 100% RH [28]
nd, for simplicity, assumed to be constant with increasing
urrent density. It is evident from this comparison that the PBI-
ased membrane falls short of Nafion® conductivity at low
urrent densities (<0.2 A cm−2) but overtakes it at high cur-
ent densities, most likely from the benefit of increased water
roduction. Consequently, the PBI-based material can be con-
idered a viable solution for high temperature and zero RH fuel
ell performance; at least as far as membrane conductivity is
oncerned.

.5. Predicted performance

Previous results for oxygen reduction on Pt–Ni/C catalysts
ere used to formulate a kinetic performance baseline for
EA operation at 160 ◦C and 1% RH (note the thermody-

amic effects of the water vapor pressure are accounted for in
q. (2)). An exchange current density for the ORR on Pt–Ni/C
t 80 ◦C and pO2 = 101.3 kPa (i∗o,s = 3.3 × 10−8 A cm−2

Pt) was
xtracted from data taken on MEA’s (with a Nafion® like
onomer) by Wagner’s group [19], while an activation energy
t zero overpotential (Erev

c = 51 kJ mol−1) was determined from
he data of Stamenkovic et al. [20]. These values were then
sed, along with the value previously determined for real Pt

urface area (APt,el = 38.4 m2 g−1

Pt) and Eqs. (1)–(3), to estab-
ish the predicted performance for a phosphoric acid doped PBI

embrane having a 0.7 mgPt cm−2 Pt–Ni/C cathode (solid line
ig. 6a). For comparison later, the predicted performance for an
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ig. 6. (a) iR-free voltage vs. current density for the tested MEA based o
∗
o,s = 3.3 × 10−8 A cm−2

Pt at 160 ◦C and 1% RH (dashed line). (b) Observable c
or a Pt–Ni/C catalyst with a i∗o,s = 3.3 × 10−8 A cm−2

Pt at 80 ◦C and 100% RH

EA operating at 80 ◦C and 100% RH, with all other parameters
nchanged, is plotted in Fig. 6b (dashed line Fig. 6b).

.6. Experimental test results

The circular data points in Fig. 6a represents the observed
xperimental cell voltage corrected for both hydrogen gas
rossover as well as membrane protonic and cell electronic resis-
ances (R�) (see Eq. (4)). In theory the experimental values
hould lie on top of the solid line predicted for a Pt–Ni/C cata-
yst at 160 ◦C and 1% RH. While the theorized performance
nd the observed performance have similar Tafel slopes (86
nd 91 mV dec−1, respectively) they are offset by about 200 mV
cross the range of currents examined, which equates to about
two orders of magnitude difference in the exchange current

ensity (a decrease from 8.2 × 10−7 to 4–5 × 10−9 A cm−2
Pt).

he value of io,s attained here (4–5 × 10−9 A cm−2
Pt) for the

RR on Pt–Ni/C at 160 ◦C, with a H3PO4 doped PBI mem-
rane having zero added humidification, is close to the value
f 2.2 ± 1.2 × 10−9 A cm−2

Pt reported by Liu et al. for oxygen
eduction on a Pt/C catalyst at 150 ◦C, having a H3PO4 doped
BI membrane with 1% RH [29].

Recalling that the exchange current used for performance
rediction was determined from data taken at 100% RH, it has
een previously proposed that, for both electrodes which use
afion® like ionomers [21] as well as for H3PO4 PBI-based
EAs [29], at low RH the reduction in proton concentration or

vailability results in a decrease in io,s for the ORR. Though some
eduction in io,s is anticipated in light of this effect, the extent to
hich io,s is reduced here greatly exceeds literature predictions;
eyerlin et al. reported only a two fold reduction in io,s as RH
as lowered from 100 to 30% [21], while Liu et al. reported
similar reduction while lowering RH from 15 to 1% [29].

urthermore, since the conductivity of the PBI-based membrane
n this study is similar to that of Nafion® at 100% RH, it would be

ifficult to envision that a reduced proton concentration/activity
as the cause of the reduction in kinetics, despite the fact that
o additional humidification was provided in this study (i.e. the
ctivity of protons should be similar in the two materials).

z
a
a

PBI material (solid circles) and calculated for a Pt–Ni/C catalyst with an
ltage for the tested MEA based on a PBI material (solid circles) and calculated
ed line).

The bulk of the reduced performance for the ORR on a
t-based catalyst is likely due to the adsorption effects of the
2PO4

− as has been previously proposed [10,11,30–33]. Sig-
ificant reduction of ORR kinetics (25–200 mV) on Pt/C in the
resence of anions, be it Cl− [34], Br− [35], or H2PO4

− [31,32],
as been shown to occur even at modest anion concentrations
0.1–0.38 mM). Though many studies have been done regarding
nion adsorption, few have attempted to quantify the extent to
hich the exchange current density of the ORR was decreased

n an MEA, as done here. With so much focus on high temper-
ture operation, for the reasons discussed in the introduction, it
s important to view performance relative to the maximum pos-
ible performance at a given condition, as well as to compare
xperimental results with other technological possibilities.

The dashed line in Fig. 6b represents the predicted observable
ell voltage for PEMFC operation at 80 ◦C and 100% RH, uti-
izing a Nafion® 112 membrane. The voltages plotted in Fig. 6b
re iR-free voltages less the resistance from membrane proton
onduction only (does not include any contact or bulk electronic
esistances). The purpose of this comparison is to highlight the
ifference in the utilization of resources for the two technologies.
hile the PBI-based MEA does provide for high temperature

peration and reasonable conductivity, the kinetic benefits of
uch high temperature operation on the ORR are completely lost
ue to the adsorption of H2PO4

−. What’s more, current Nafion®

12 MEAs operating at 80 ◦C and 100% RH out perform the
BI-based technology by as much as 150 mV at 0.4 A cm−2,
quating to 25% more power output at said current density.

Keeping in mind that the purpose of the PBI-based MEA
s only to allow for high temperature operation, further studies
re planned to examine the extent to which high temperature
peration does indeed inhibit CO poising.

. Conclusions
The performance of a phosphoric acid doped PBI (polyben-
imidazole) membrane, with Pt and Pt–Ni/C catalysts on the
node and cathode, respectively, was experimentally determined
t 160 ◦C using neat H2 and O2. The resulting current voltage
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elation was then compared to a performance curve calculated
rom previously established values for the exchange current
ensity and activation energy of the oxygen reduction reaction
ORR) on Pt–Ni/C. An overall voltage loss >200 mV, regard-
ess of current density, was observed for the MEA relative to the
redicted performance, implying about two orders of magnitude
ecrease in the exchange current density for the ORR. The reduc-
ion in io,s was attributed to the adsorption of anions, specifically

2PO4
−, as has been previously postulated [10,11,30–33].
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