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a b s t r a c t

A study of a phosphoric acid doped polybenzimidazole (PBI) membrane fuel cell using commercial carbon
supported, Pt alloy oxygen reduction catalysts is reported. The cathodes were made from PTFE bonded
carbon supported Pt alloys without PBI but with phopshoric acid added to the electrode for ionic con-
ductivity. Polarisation data for fuel cells with cathodes made with alloys of Pt with Ni, Co, Ru and Fe
are compared with those with Pt alone as cathode at temperatures between 120 and 175 ◦C. With the
eywords:
hosphoric acid
olybenzimidazole
uel cell
xygen reduction
t alloy catalysts

same loading of Pt enhancement in cell performance was achieved with all alloys except Pt–Ru, in the
low current density activation kinetics region of operation. The extent of enhancement depended upon
the operating temperature and also the catalyst loading. In particular a Pt–Co alloy produced perfor-
mance significantly better than Pt alone, e.g. a peak power, with low pressure air, of 0.25 W cm−2 with
0.2 mg Pt cm−2 of a 20 wt% Pt–Co catalyst.

© 2010 Elsevier B.V. All rights reserved.

lectrode performance

. Introduction

Following on from the success of the phosphoric acid fuel cell
nd the low temperature polymer electrolyte fuel cell (PEMFC)
here has been significant interest in intermediate temperature
peration PEMFCs in recent years [1–3]. In particular cell tech-
ology based on phosphoric acid doped polybenzimidazole (PBI)
embranes has been actively developed [4–18] and started to

pproach commercialisation. Recent studies of PBI based fuel cells
hich have considered the effect of the catalytic ink preparation
ethod [12]; preparation and operation of gas diffusion electrodes

13]; influence of catalyst layer binder on catalyst utilization [14];
cid migration in phosphoric acid doped polybenzimidazole (PBI)
embrane [15].
Due to the similar operating environment of electrodes in PAFCs

nd PBI based cells much of the research on the former is relevant
o that of the latter regarding catalytic activity and the influence of
hosphoric acid.

Oxygen reduction activity of various platinum alloys has been

eported for phosphoric acid electrolytes [19–28]. Oxygen reduc-
ion activity in hot phosphoric acid (200 ◦C) on platinum and
latinum alloys increased linearly as the nearest-neighbour dis-
ance in the electrocatalyst decreased. A composite analysis shows

∗ Corresponding author. Tel.: +44 1912228771; fax: +44 1912225292.
E-mail address: k.scott@ncl.ac.uk (K. Scott).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.08.021
that data for supported platinum alloys [20] were consistent with
bulk metal data [19] with respect to specific activity, activation
energy, pre-exponential factor and percent d-band character. The
kinetic parameters of the oxygen reduction reaction, in hot con-
centrated phosphoric acid, on highly dispersed platinum have
been rationalized in terms of the rate determining step being
the rupture of the O–O bond via various dual site mechanisms
[21].

In phosphoric acid the (Pt–M/C) alloyed, disordered structure
interact more strongly with impurities than the ordered structures
(Pt/C). Chromium addition caused a decrease in Tafel slope due
to oxide reduction effects [22]. It was found that the Tafel slope
measured at room temperature and atmospheric pressure on plat-
inum increased from −110 mV dec−1 in low H3PO4 concentrations
(10 wt%) to −134 mV dec−1 in 85 wt% H3PO4. Whilst the Tafel slopes
for Pt–Co (90:10 a/o) and Pt–Cr (65:35 a/o) changed from 111 and
101, at low concentration, to 126 and 118 mV dec−1 with 85 wt%
H3PO4, respectively [23]. Anodic adsorption isotherms indicated
that the high H3PO4 concentrations also obstructed adsorption of
oxygen from solution [23].

Appleby [24] studied oxygen reduction on various metals and
alloys in phosphoric acid. For Pt–Ru alloys it was concluded

that i0 for ORR decreased and Tafel slope increased by increas-
ing the ruthenium content in the alloy. Similarly, the activation
energy for ORR in H3PO4 fell when moving from pure platinum
(22.9 kcal mol−1) to pure ruthenium (11.7 kcal mol−1). This means
that at elevated temperatures the platinum exchange current den-

dx.doi.org/10.1016/j.jpowsour.2010.08.021
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:k.scott@ncl.ac.uk
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ity will overtake that of pure ruthenium at ∼80◦C and Pt–Ru (1:1)
t ∼100 ◦C.

Pt–Fe (75:25 a/o) catalysts were also studied for oxygen reduc-
ion in PAFC. The mass activity (mA g−1 Pt) of the alloyed catalyst
as about the same as that of the pure Pt catalyst due to the parti-

le sintering in the alloyed catalyst. However, the specific activity
mA m−2 Pt, based on UPD) of the alloyed catalyst was twice that of
ure Pt catalyst [25].

On the contrary, Pt–Co activity tests under phosphoric acid fuel
ell conditions demonstrated that the most highly alloyed cata-
ysts were not significantly more active than pure Pt catalyst of
omparable crystallite size [26]. Loss of cobalt in the phosphoric
cid environment was the lowest in catalysts which were the most
lloyed, and where the Pt–Co (3:1) ordered phase was present [26].
t was found that the clean annealed surface of the alloy was pure
t and the subsurface is enriched in Co [27]. Furthermore, this Pt
urface did not behave like pure Pt for the chemisorption of car-
on monoxide or oxygen [28]. The alloyed Pt-surface binds CO less
trongly and oxygen more strongly. However, when heated in oxy-
en at fuel cell temperatures, even at very low pressures, the surface
egion is de-alloyed by oxidation to form a cobalt oxide over-layer
28]. The oxide over-layer dissolved in hot concentrated phospho-
ic acid, leaving a de-alloyed pure Pt surface region on top of the
ulk alloy.

Overall there have been significant studies of Pt alloys in PAFC
ell similar cell conditions but no evaluation of such electrocata-
ysts and cathodes in PA doped PBI membrane fuel cells. This paper
eports data obtained for the cell performance of PBI based fuel
ells using a range of Pt alloy ORR electrocatalysts. The perfor-
ance data is generally in agreement with data obtained on ORR

lectrocatalysts in concentrated phosphoric acid [17].

. Experimental

.1.1. Cell design

The fuel cell used in experiments was made from titanium and
s shown schematically in Fig. 1. The cell body had a 3 cm × 3 cm
old plated parallel flow fields. Mica filled PTFE inserts were used
o surround the flow fields and provide location for the O-ring seal
nd a dynamic hydrogen electrode (DHE). The solid state DHE con-
isted of two platinum wires on each side of the membrane located
utside the O-ring: a distance of 10 mm away from the MEA edge to
void side current effects (the membrane used was ∼50 �m thick).
small current of 1.0 mA cm−2 (∼10 �A) was applied by means of

.0 V battery connected in series with an appropriate resistance.
The temperature of the cell was controlled by thermostatically

ontrolled cartridge heaters inserted into the cell body. The gases
ere passed into a home-made humidifier at 16 ◦C prior to entering

he cell at ambient temperature; this provided small humidification
f 0.36% RH at 150 ◦C (unless otherwise mentioned). The flow rates
ere controlled manually by means of appropriate flow meters
esignated for each gas (Platon, RM&C, U.K.). The cell was tested
nder ambient pressure unless otherwise specified.

.1.2. Instruments

A 20A potentiostat (Powerstat, Sycopel, U.K.) combined
ith a high impedance multi-channel data acquisition card

national instrument, NI6010) was used to carry out the electro-

hemical measurements, which enabled continuous monitoring
f anode, cathode (vs. DHE) and cell performances sepa-
ately.

The conductivity of MEAs was measured using a Gill AC fre-
uency response analyzer (ACM instruments, U.K.) and the relative
Sources 196 (2011) 1084–1089 1085

humidity was obtained from an intrinsically safe humidity sensor
(Vaisala HUMICAP®, Finland).

2.1.3. Electrode preparation

A spraying machine was used to deposit catalyst layers; to
achieve a reproducible spraying pattern and catalyst layer struc-
ture/porosity. A CNC milling machine (Sherline 2010, USA) was
used to provide the desired spraying pattern, whilst a fixed stain-
less steel spraying (0.5 mm) nozzle (Schlick 970S8, Germany) and
associated metering valve was used to control the spray mixture
(with nitrogen) and ink flow rate.

The catalyst ink was prepared by sonicating the catalyst and
PTFE dispersion (60 wt%, Aldrich) in a water–ethanol mixture, for
PTFE based MEAs. The required amount of PA acid was then added
to the surface by means of a micro-pipette and the electrodes were
left for a week to obtain uniform acid distribution.

Gas diffusion electrodes (carbon cloth) incorporated with
wet proofed micro-porous layer (H2315 T10AC1) obtained from
Freudenberg (FFCCT, Germany) were used as substrates to deposit
the catalyst layer for both anode and cathode.

Four different Pt alloys obtained from Etek, USA were studied:

1. 30% Pt–Fe/C, which contained 20% Pt.
2. 60%Pt–Ru/C, which contained 40% Pt.
3. 20%Pt–Ni/C and 20%Pt–Co/C, which contained 17% Pt.

Comparisons are made with Pt catalysts of similar %wt i.e. 20%,
30% and 40% Pt.

The MEA was obtained by hot pressing the electrodes on
5.6 mol% phosphoric acid doped PBI membrane at 150 ◦C for 10 min
with a load of 40 kg cm−2. Note that each PBI unit can hold two
acid molecules by hydrogen bonding to the two imidazole rings.
After the maximum protonation of the nitrogen atoms is reached
(at 2 PRU), any further acid will be free mobile acid, held in the
membrane matrix

3. Results and discussion

While PBI is considered a good candidate for membrane materi-
als due to its low permeability, addition of PBI to the catalyst layer
as ionomer for proton conduction through the catalyst layer and
binder, can impose mass transport limitation on anode and cath-
ode performance depending on the thickness of the film formed on
the catalyst sites. Furthermore, addition of phosphoric acid is nec-
essarily to facilitate oxygen permeability and proton conduction,
as the conductivity of non-doped PBI is very low (in the range of
10−4 S cm−1).

In this study, we eliminated PBI from the catalyst structure and
relied on the conductivity of phosphoric acid as electrolyte, to give
the following advantages:

• Conductivity of phosphoric acid 0.568 S cm−1 at 150 ◦C is an order
of magnitude higher than that of doped PBI 6 PRU ∼0.047 S cm−1

at 150 ◦C and 5% RH.
• Oxygen diffusion in phosphoric acid (98 wt%) 30 × 10−6 cm2 s−1

is an order of magnitude higher than that of doped PBI 6 PRU
3.2 × 10−6 cm2 s−1 at 150 ◦C.

• Dissolved oxygen concentrations (solubility),
0.68 × 10−6 mol cm−3 for doped PBI 6 PRU compared to

0.5 × 10−6 mol cm−3 for 95 wt% phosphoric acid at 150 ◦C
and atmospheric pressure.

PTFE was introduced in the catalyst layer to act as binder,
to provide an amorphous phase to hold the phosphoric acid,



1086 M. Mamlouk, K. Scott / Journal of Power Sources 196 (2011) 1084–1089

am of

e
a
s
m
a
0

6
i
s
a
c
c
(

Fig. 1. Schematic diagr

nhance porosity and to facilitate transport of oxygen to the cat-
lyst layer by repelling the phosphoric acid from the catalyst
tructure (hydrophobic properties) and provide higher oxygen per-
eability (two order of magnitude), e.g. at 80 ◦C PTFE exhibits

n oxygen permeability of 6.1 mol cm cm−2 s−1 atm−1 compared to
.05 mol cm cm−2 s−1 atm−1 for pristine PBI [4].

Four different Pt alloys were studied in this work; 30% Pt–Fe/C,
0%Pt–Ru/C, 20%Pt–Ni/C and 20%Pt–Co/C (Etek, USA). All the stud-

ed alloys had atomic ratios of (1:1 a/o) whilst the average particles

ize (from XRD) was in the range of 3–4 nm except for Pt–Ru
lloys which was in the range of 2–3 nm. Their performance was
ompared to that of pure Pt/C with similar platinum weight per-
entages, i.e. 20%, 30% and 40% Pt/C, with average particles size
XRD) of 2.2, 2.5 and 2.8 nm, respectively. The platinum load-
the titanium fuel cell.

ing was 0.4 mg Pt cm−2 for Pt–Fe and Pt–Ru, whilst a loading of
0.2 mg Pt cm−2 was used for Pt–Ni and Pt–Co, due to the low metal
to carbon ratio, to try and maintain a desired catalyst layer thickness
to minimize mass transport effects on the cell polarisation.

Fig. 2 compares cell performance under with various oxygen
concentrations at 150 ◦C for MEAs using 40% Pt–Fe/C (∼30% Pt) and
30% Pt/C cathode electrodes utilising 0.4 mg Pt cm−2 with 40 wt%
PTFE. Open circuit potentials with both cathodes were around 0.9 V.
The Pt–Fe alloy showed clear advantages in the kinetic region (low

current densities) over standard platinum, with some 20–30 mV
higher potentials, at all the studied oxygen concentrations. The
observed kinetic enhancement was not due to the catalyst layer
structure, as both electrodes had similar Pt:C ratios (30 wt%) and
loading of 0.4 mg Pt cm−2. The data confirm the reported advan-
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ig. 2. Compares cell performance under various oxygen concentrations at 150 ◦C
f MEAs using 40% Pt–Fe/C (∼30% Pt) and 30% Pt/C cathode electrodes utilising
.4 mg Pt cm−2 with 40 wt% PTFE.

age of Pt alloying (with iron) for ORR kinetics [25]. The Pt–Fe alloy
athode exhibited somewhat lower limiting current densities than
t alone which may be a result of a slightly thicker catalyst layer
or the former material.

Fig. 3 compares cell performance under various oxygen concen-
rations at 150 ◦C for MEAs using 60% Pt–Ru/C (∼40% Pt) and 40%
t/C cathodes utilising 0.4 mg Pt cm−2 with 40 wt% PTFE. Open cir-
uit potentials were noticeably lower with the Pt–Ru alloy cathode
articular at low oxygen partial pressure. From the data it can be
een that with Pt–Ru cathodes, current densities were much lower
at a given potential) than with Pt. There were large potential losses
n the polarisation curves, without an apparent linear region or lim-
ting current; suggesting that the electrode was mainly under pure
ctivation control due to the slow kinetics of oxygen reduction in
t–Ru alloy electrocatalyst surface as has been reported previously
24]. Thus Pt–Ru alloy is not a suitable catalyst for oxygen reduc-
ion due to the large overvoltage losses encountered in the kinetic
egion.

Fig. 4 compares cell performance under various oxygen con-
entrations at 120 ◦C of MEAs using 20% Pt–Ni/C (∼17% Pt) and
0% Pt/C cathode electrodes utilising 0.2 mg Pt cm−2 with 40 wt%
TFE. Figs. 5 and 6 compare the alloy performance (0.2 mg Pt cm−2)

−2 ◦
ith 0.4 mg Pt cm for 30% Pt/C at temperatures of 120 and 175 C,
espectively. All data show the expected improvement in cell per-
ormance on increasing the oxygen partial pressure.

It can be seen from Fig. 4 that the Pt–Ni alloy produced slightly
igher potentials (enhanced kinetics for the ORR), at lower current

ig. 3. Compares cell performance under various oxygen concentrations at 150 ◦C
f MEAs using 60% Pt–Ru/C (∼40% Pt) and 40% Pt/C cathode electrodes utilising
.4 mg Pt cm−2 with 40 wt% PTFE.
Fig. 4. Compares cell performance under various oxygen concentrations at 120 ◦C
of MEAs using 20% Pt–Ni/C (∼17% Pt) and 20% Pt/C cathode electrodes utilising
0.2 mg Pt cm−2 with 40 wt% PTFE.

densities, when compared to standard platinum (20%Pt/C, same
loading) at 120 ◦C, even though the alloy had a smaller electrochem-
ical surface area, as a result of alloying (average particles size of
3–4 nm) in comparison to the standard platinum (2.2 nm). Thus in
a practical fuel cell potential operating range the Pt–Ni alloy would
offer higher fuel efficiencies and power densities.

Additionally, the Pt–Ni alloy at loading of 0.2 mg Pt cm−2 gave
similar cell voltage characteristics in the kinetic region (up to a
typical operating voltage of 0.6 V) to that of 30% Pt/C with a load-
ing of 0.4 mg Pt cm−2. However, any enhancement in performance
disappeared at elevated temperatures. At 150 ◦C (data not shown)
the Pt–Ni alloy showed a similar performance to that of platinum
(20%Pt/C, 0.2 mg Pt cm−2) and at 175 ◦C the 0.2 mg Pt cm−2 Pt–Ni/C
alloy gave inferior performance to that of 30% Pt/C with a loading
of 0.4 mg Pt cm−2 (Fig. 5) over the entire potential range.

It was also observed that the limiting current densities for the
cell with the Pt–Ni alloy were much lower than with the Pt cata-
lysts. Incorporation of Ni and the resultant higher particle size and
lower porosity would appear to have caused greater mass transport
limitations due potentially to thicker films of PA over the electro-
Fig. 7 compares cell performance under various oxygen con-
centrations at 150 ◦C for MEAs using 20% Pt–Co/C (∼17% Pt) and
20% Pt/C cathodes utilising 0.2 mg Pt cm−2 with 40 wt% PTFE. The

Fig. 5. Compares cell performance under various oxygen concentrations at 120 ◦C
of MEAs using 20% Pt–Ni/C (∼17% Pt) and 30% Pt/C cathode electrodes utilising
0.2 mg Pt cm−2 for the alloy and 0.4 mg Pt cm−2 for pure Pt with 40 wt% PTFE.
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Fig. 6. Compares cell performance under various oxygen concentrations at 175 ◦C
of MEAs using 20% Pt–Ni/C (∼17% Pt) and 30% Pt/C cathode electrodes utilising
0.2 mg Pt cm−2 for the alloy and 0.4 mg Pt cm−2 for pure Pt with 40 wt% PTFE.

F
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Fig. 8. Comparison of cell performance of Pt–Co, Pt–Ni and Pt at 150 ◦C.

that the alloy had a smaller ESA. The Pt–Co alloy maintained its bet-

T
M

T
M

ig. 7. Compares cell performance under various oxygen concentrations at 150 ◦C
f MEAs using 20% Pt–Co/C (∼17% Pt) and 20% Pt/C cathode electrodes utilising
.2 mg Pt cm−2 with 40 wt% PTFE.
t–Co alloy performance was similar to that of the Pt–Ni alloy, i.e.
t showed higher potentials than achieved with the standard 20%
t/C at 120 ◦C (both with loading of 0.2 mg Pt cm−2) even though

able 1A
aximum power densities and current densities at 0.6 V for MEAs utilising Pt and Pt–M a

Power density
air (1 bar)
(W cm−2)

Power
O2 (at
(W cm

0.4 mg cm−2 30%Pt/C 0.304 0.568
0.2 mg cm−2 20%Pt/C 0.262 0.371
0.2 mg cm−2 20%Pt–Ni/C 0.231 0.328

0.2 mg cm−2 20%Pt–Co/C 0.256 0.374
0.4 mg cm−2 30%Pt–Fe/C 0.256 0.434

able 1B
aximum power densities and current densities at 0.6 V for MEAs utilising Pt and Pt–M a

Power density
air (1 bar)
(W cm−2)

Power
O2 (at
(W cm

0.4 mg cm−2 30%Pt/C 0.339 0.486
0.2 mg cm−2 20%Pt/C 0.277 0.406
0.2 mg cm−2 20%Pt–Ni/C 0.196 0.28
0.2 mg cm−2 20%Pt–Co/C 0.249 0.404
0.4 mg cm−2 30%Pt–Fe/C 0.313 0.468
Fig. 9. Compares cell performance under various oxygen concentrations at 175 ◦C
of MEAs using 20% Pt–Co/C (∼17% Pt) and 30% Pt/C cathode electrodes utilising
0.2 mg Pt cm−2 for the alloy and 0.4 mg Pt cm−2 for pure Pt with 40 wt% PTFE.
ter performance (unlike Pt–Ni) than Pt (20%Pt/C, 0.2 mg Pt cm−2) at
a temperature of 150 ◦C (Fig. 8).

Fig. 9 shows cell performance under various oxygen concen-
trations at 175 ◦C of MEAs using 20% Pt–Co/C (∼17% Pt) and 30%

lloys at 120 ◦C.

density
m)
−2)

j at 0.6 V air
(1 bar) (A cm−2)

j at 0.6V O2

(atm) (A cm−2)

0.205 0.28
0.145 0.215
0.18 0.26

0.18 0.235
0.25 0.35

lloys at 150 ◦C.

density
m)
−2)

j at 0.6V air
(1 bar) (A cm−2)

j at 0.6V O2

(atm) (A cm−2)

0.255 0.31
0.163 0.215
0.18 0.225
0.215 0.32
0.31 0.44
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t/C cathode electrodes utilising 0.2 mg Pt cm−2 for the alloy and
.4 mg Pt cm−2 for pure Pt with 40 wt% PTFE. It is clear that at 175 ◦C
he 0.2 mg Pt cm−2 Pt–Co alloy had an inferior performance com-
ared to 0.4 mg Pt cm−2 30% Pt/C, whilst at 150 ◦C both electrodes
howed comparable performance in the kinetic region of the polar-
sation curves. This behaviour suggests that the alloy performance
id not improve with an increase in temperature as much as did
he platinum catalyst. However, it has been shown in the literature
hat Pt–Ni and Pt–Co alloys exhibit similar activation energies for
xygen reduction to that of platinum [26].

It has been reported that cobalt dissolution was a common
roblem for Pt–Co alloy in PAFCs [26]. The degradation and the
issolution process is expected to occur over hundreds hours of
peration and not over the short period of experiments (3 days)
sed in this study. In this study it was observed that recovery in the
erformance (or in other words the alloys enhanced performance)
ver standard platinum returned when the temperature was low-
red to 120 ◦C in case of Pt–Ni and Pt–Co. The performance of the
uel cells with the Pt alloy and Pt catalysts was reproducible and
emained stable over the operation period of the fuel cells, which
or each MEA was 5 days of intermittent operation, i.e. 8 h of cell
esting and 16 h at open circuit per day.

This suggests that the observed effect of temperature on per-
ormance was not due to dissolution, but due to a drop in water
ctivity at elevated temperatures, where phosphoric acid started
o dehydrate [14]. The fall in water activity at elevated tempera-
ures results in an increase in ORR activity for Pt/C due to lowering
f surface oxide formation, a corresponding effect with Pt alloys
oes not occur.

Tables 1A and 1B summarise the performance of the fuel cell
sing the Pt alloys with Co, Fe and Ni and with Pt alone as cath-
de electrocatalysts. The data enable comparisons in performance
o be made in terms of peak power density and current densi-
ies achieved at a cell voltage of 0.6 V (typically in the activation
ontrolled region, with some Ohmic polarisation losses). The lat-
er voltage is selected to represent a minimum voltage suitable for
ractical fuel cell operation. The benefits of using Pt alloys in terms
f higher current densities at a fixed potential and higher maximum
ower densities is apparent from this data.

Overall this work has demonstrated the potential use of Pt alloys
s catalyst in PA doped PBI membrane fuel cells. Although the short-
erm performance over days of operation was consistent, the use
f Pt alloy cathode catalysts in such fuel cells requires long-term
valuation, which was outside the scope of the current work.
. Conclusions

Intermediate temperature phosphoric acid doped PBI mem-
rane fuel cells have been successfully operated with carbon

[

[
[

[

Sources 196 (2011) 1084–1089 1089

supported Pt alloy catalyst in the cathodes, in which ionic conduc-
tivity was achieved by simple phosphoric acid doping. Alloys of Pt
with Fe, Ni and Co all enhanced the fuel cell performance in the
low current density (high potential) activation region. In particular
Pt/Co alloy catalysts gave some 25 and 50 mV higher potentials at
0.2 A cm−2 with air and 0.5 A cm−2 with oxygen in comparison to Pt
alone with oxygen and air. At low voltages, i.e. high current densi-
ties, the performance of the fuel cells with Pt alloys was lower than
those with Pt alone.
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