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a b s t r a c t

A novel strategy for introducing phosphoric acid as the electrolyte into high-temperature polymer elec-
trolyte fuel cells by using acid impregnated catalyst layers instead of pre-doped membranes is presented
in this paper. This experimental approach is used for the development of membrane electrode assemblies
based on poly(2,5-benzimidazole) (ABPBI) as the membrane polymer. The acid uptake of free-standing
ABPBI used for this work amounts to ABPBI × 3.1 H3PO4 which has a specific conductivity of ∼80 mS cm−1

at 140 ◦C. Rather thick catalyst layers (20% Pt/C, 1 mg Pt cm−2, 40% PTFE as binder, d = 100–150 �m) are
cid doping
atalyst layer
igh-temperature polymer electrolyte fuel
ell
embrane electrode assembly

oly(2,5-Benzimidazole)

prepared on gas diffusion layers with a dense hydrophobic microlayer. After impregnation of the catalyst
layers with phosphoric acid and assembling them with a mechanically robust undoped ABPBI membrane
a fast redistribution of the electrolyte occurs during cell start-up. Power densities of about 250 mW cm−2

are achieved at 160 ◦C and ambient pressure with hydrogen and air as reactants. Details of membrane
properties, preparation and optimization of gas diffusion electrodes and fuel cell characterization are dis-
cussed. We consider our novel approach to be especially suitable for an easy and reproducible fabrication

area
hosphoric acid of MEAs with large active

. Introduction

Polymer electrolyte fuel cells (PEFCs) with working tempera-
ures significantly higher than 100 ◦C do not require high-purity
ydrogen as fuel, and therefore they are beneficial for devices that
un on hydrogen produced on site by the reforming of hydrocar-
on energy carriers. In fact, high-temperature PEFCs (HT-PEFCs)
perating at 160–200 ◦C ‘tolerate’ the 1 or 2% of carbon monoxide
ontained in fuel gases produced by autothermal or steam reform-
ng after the so-called shift reaction, while for a classical PEFC
unning at 80 ◦C the CO content has to be reduced by additional
eactors to levels around or below 50 ppm [1]. Facilitated dissipa-
ion of waste heat due to a large temperature difference from the
nvironment (and thus the use of comparatively small radiators)
nd the fact that HT-PEFCs are not reliant on intricate water man-
gement (because the water needed in the electrolyte in classical
EFCs is replaced by non-volatile phosphoric acid) represent fur-

her advantages of this special type of fuel cell, making the fuel
rocessing and ancillary system comparatively small and simple,
hich is beneficial for the overall efficiency of the fuel cell system.

uel cell auxiliary power units (APUs) running on reformed diesel
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or kerosene could supply vehicles such as trucks, locomotives or air-
craft with electrical power at much higher energy efficiency when
these vehicles are not in motion than can be achieved by idling of
the main engine. Combined heat and power applications running
on reformed methane (>85% overall efficiency – electricity plus heat
– achievable [2]) are another favourable application of this special
type of PEFCs.

The only technically viable and relevant HT-PEFCs operating at
160–200 ◦C that are under development today rely on proton trans-
port in phosphoric acid which is fixed to a polybenzimidazole type
membrane. While most of the development in recent years has
been focused on membrane electrode assemblies (MEAs) based
on poly(2,2′-(m-phenylene)-5,5′-bibenzimidazole) (PBI; Fig. 1, top)
and its blends [3–17], the use of the alternative chemically related
membrane polymer poly(2,5-benzimidazole) (ABPBI; Fig. 1, bot-
tom) is emerging [18–23].

In the open literature, several pathways for introducing the
phosphoric acid needed for the proton conductivity of the mem-
brane have been developed and described. The classical approach
consists of doping free-standing sheets of the benzimidazole type

membrane in concentrated phosphoric acid [3–6,12–21]. In this
method, membranes with acid contents of up to 70–80 wt.%
(e.g. corresponding to a chemical formula PBI × 8–12 H3PO4) are
obtained [5]. However, due to the large uptake of liquid acid these
membranes display significant dimensional swelling, which may

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:c.wannek@fz-juelich.de
dx.doi.org/10.1016/j.jpowsour.2009.03.051


C. Wannek et al. / Journal of Power

F
b

n
i
b
M
s
a
r
e
h
t
b
p
p
a
b
c
c
w
T
p
b
b
(
t
t
p
p

l
s
b
f
t
b
p
s
t
r
c
l
p
r
a
t
[
r
[

T

ig. 1. Structures of the repeating units of PBI (= poly(2,2′-(m-phenylene)-5,5′-
ibenzimidazole) – left) and ABPBI (= poly(2,5-benzimidazole) – right).

ot always be homogeneous in all spatial directions and, more
mportantly, the mechanical properties of these membranes may
ecome critically poor, making the reproducible production of
EAs for cells with a large active area challenging. As a con-

equence, moderate doping levels have been preferred for the
ssembly of MEAs [6,16–21]. A second, very elegant way of fab-
icating this type of electrolyte yielding PBI membranes with an
ven higher content of phosphoric acid and thus showing very
igh conductivity is characterized by solution polymerization of
he monomers in polyphosphoric acid (PPA) followed by mem-
rane formation as a consequence of controlled hydrolysis of the
olyphosphoric acid to orthophosphoric acid [7,9]. However, this
rocedure is not applicable in the case of membrane polymers such
s ABPBI which – before performing a cross-linking step after mem-
rane formation – are soluble in phosphoric acid. A third pathway
onsists of preparing a ‘dry’ catalyst-coated PBI membrane and
ontacting it with gas diffusion layers (GDLs) which are loaded
ith appropriate amounts of H3PO4 during MEA assembly [11].

he published fuel cell performance data show that a transfer of
hosphoric acid from the rather hydrophobic GDLs into the mem-
rane occurs easily. Nevertheless, in this type of MEAs it appears to
e difficult or perhaps even impossible to use microporous layers
ML) as barrier layers between the membrane and electrodes on
he one side and the GDL substrate on the other side to minimize
he leaching of phosphoric acid from the electrolyte as the phos-
horic acid would have to cross this barrier during the cell start-up
rocess.

A fourth pathway, acid impregnation of the MEA via the catalyst
ayers, was identified at a very early point [24] but was not pur-
ued systematically in academic research in the past and has only
een referred to in a few patent applications (e.g. [25,26]). In the
ollowing, we show how MEAs with good fuel cell performance due
o high conductivity of the electrolyte that show very good dura-
ility (implying little acid leaching) can be easily and reproducibly
repared by assembling undoped ABPBI membranes with gas diffu-
ion electrodes based on GDLs (with microporous layers) in which
he catalyst layers are loaded with phosphoric acid. We present the
esults of our studies on the influences of various parameters con-
erning the composition of the catalyst layers, their noble metal
oading as well as the amount of acid impregnation on the fuel cell
erformance of so-prepared HT-PEFCs. Characterization was car-
ied out with pure hydrogen and air as the reactants at T = 160 ◦C

nd ambient pressure during the first 200 h of service. Other fea-
ures such as the influence of some fuel cell operation parameters
22], studies of the durability of fuel cell performance [23] or first
esults about the spatially resolved acid distribution in the MEAs
27] have been presented elsewhere.
Sources 192 (2009) 258–266 259

2. Experimental

The ABPBI (= poly(2,5-benzimidazole)) membranes used for this
study were supplied by FuMA-Tech in 2006. They were obtained in
an acid-free form with a thickness of 27 (±3) �m. These membranes
with a relatively high degree of chemical cross-linking represent a
compromise between high acid uptake (and thus high conductiv-
ity) and sufficient mechanical stability during prolonged fuel cell
operation including temperature and load cycles [28].

2.1. Preparation of gas diffusion electrodes impregnated with
phosphoric acid

For the fabrication of gas diffusion electrodes (GDEs), slurries
containing appropriate amounts of platinum catalysts (either sup-
ported on carbon or Pt black) with precious metal weight fractions
from 20 to 100 wt.% (HiSPEC 3.000, 4.000, 9.000 and 1.000 from
Johnson Matthey) and aqueous dispersions of PTFE (Dyneon) were
prepared by ultrasonic agitation for 20–40 min in a mixture of water
and organic alcohols. These inks were coated onto the microporous
layer of a commercially available woven GDL (HT 1400-W from E-
EK, a division of BASF Fuel Cell Inc.) by an automated doctor blade

technique followed by a drying step. The platinum loadings of all
GDEs used for this study were between 0.8 and 1.2 mg cm−2, unless
otherwise stated. A short discussion about the preparation of GDEs
containing ABPBI in the catalyst layer is given separately in Section
3.4.3.

Impregnation of the catalyst layers with predefined amounts of
phosphoric acid was carried out by pipetting a mixture of H3PO4
and ethanol (1:5 by volume) onto the top of the GDEs in three
stages at intervals of 60 min. Afterwards the ethanol was allowed
to evaporate overnight.

2.2. Physico-chemical analyses

2.2.1. Water and acid uptake measurements
The membranes were dried at 100 ◦C for 1 h prior to the water

and acid uptake tests. After measuring the lengths and weights of
dry sheets with areas of about 25 cm2 they were immersed in aque-
ous phosphoric acid of different concentrations for 8 h at 80 ◦C. The
sum of the water and acid uptake was determined by weighing the
membranes after removing the liquid from the membrane surfaces
by blotting with a paper towel. Afterwards the samples were dried
at 100 ◦C in an oven to constant weight. We assume that during
this step the water absorbed during the soaking process evaporated
while the phosphoric acid remained in the membrane.

2.2.2. Membrane conductivity
The proton conductivity of acid-doped ABPBI membranes was

determined by means of an in-plane four-point technique in a
custom-designed test rig constructed at our institute (Fig. 2). To
ensure good contact between the sample and all four electrodes,
the membrane was threaded between the four platinum electrodes
(from left to right above – below – above – below the membrane)
of the test cell, which was situated inside a glass container kept
in a conventional laboratory oven in order to regulate the tem-
perature of the sample. The water vapour pressure around the
membrane during the measurement was regulated by adjusting
the dew point of the air which was blown constantly at moderate
flow rates through the glass container. The temperature and rela-
tive humidity in the vicinity of the sample were measured with a

dew point sensor.

The specific conductivity � was calculated using the equation
� = l/(Rdw), where l is the distance between the inner electrodes, d
and w are the thickness and the width of the acid-doped membrane,
respectively, and R is the resistance obtained from AC impedance
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water corresponds to about one water molecule per repeat unit of
polymer (i.e. an acid–base reaction with each nitrogen atom). With
increasing H3PO4 concentration of the doping bath the phosphoric
acid uptake increases strongly. To a smaller extent, the water uptake
also rises. For example, the composition of membranes doped in
ig. 2. Photo of the home-built set-up for the determination of membrane
onductivities at different temperatures (RT ≤ T ≤ 180 ◦C) and relative humidities
8 ◦C ≤ Td ≤ 95 ◦C).

pectroscopy over a frequency range of 500 Hz to 65 kHz with an
scillating voltage of 20 mV by using the low intersect of the high-
requency semicircle with the ‘real’ axis in the complex impedance
lane.

For the calculation of the specific conductivity we used the val-
es of thickness and width of the sample before the first heating
uring the conductivity measurement. Prior to the measurements,
he samples were conditioned by maintaining them in the test cell
t the respective temperature and humidity for at least 30 min.

.2.3. Rheology
The rheological behaviour of the catalyst inks was measured

ith a rotational rheometer in plate/plate geometry (Rheo Stress 1,
aake) using controlled shear stress tests. The viscosities of the
atalyst inks at shear rates between 10 and 50 s−1 were used to com-
are the properties of different dispersions, as these shear rates are
lose to the conditions during the bar-coating of the catalyst inks
nto the GDLs.

.2.4. Dynamic light scattering
The stability of different catalyst inks and the particle size dis-

ribution in them was determined by photon cross-correlation
pectroscopy (PCCS; measuring instrument: Nanophox, Sympa-
ec GmbH). Although with this special dynamic light-scattering
echnique the use of two laser beams is intended to allow the char-
cterization of turbid and opaque dispersions, the catalyst inks had
o be diluted with the same mixture of water and alcohols used for
heir preparation until the solids content was below 0.1% by volume.
ach sample was characterized by performing 10 measurements in
eries (each of them taking 30–50 min) to gain information about
gglomeration and/or sedimentation processes. The particle size
istributions were deduced from the slopes of the individual cross
orrelation functions via a non-negative least squares fit.

.2.5. Scanning electron microscopy
The microstructure of the fabricated gas diffusion electrodes was

tudied with a scanning electron microscope (Zeiss Supra50). The
amples were sputtered with a thin layer of platinum prior to char-
cterization. To minimize the impact of the electron beam on the
olymer phase (PTFE) in the catalyst layers, images were taken with
low accelerating voltage of only 2 keV.
.3. MEA assembly and fuel cell characterization

The MEAs were assembled by contacting GDEs impregnated
ith phosphoric acid with undoped sheets of ABPBI membrane in

he test cells without a preceding hot-pressing step. Together with
Sources 192 (2009) 258–266

gaskets made of fluorinated polymer, the MEAs with an active area
of 14.4 cm2 were compressed to a constant gap (in most cases to
75% of the sum of the thicknesses of the individual components)
between graphitic (BBP4, SGL Carbon) triple serpentine flow fields
and solid metallic endplates equipped with heating cartridges.
The cell performances were studied at ambient pressure using
pure hydrogen and air as reactants. For all experiments, the mass
flows of the reactants for current densities equal to or greater than
200 mA cm−2 were adjusted to predefined values of the stoichio-
metric excesses �. At lower current densities, the gas flows were
fixed to the respective values for j = 200 mA cm−2. Unless otherwise
stated, the characterization was performed with �anode/cathode = 2/2.

Polarization curves were recorded by first increasing the cur-
rent density stepwise from open circuit voltage (OCV) until the
cell voltage dropped below a predefined value (mostly 350 mV),
and subsequently lowering it with the same step size back to OCV.
At each current density, after a hold time of 30 s the cell volt-
age was measured every 9 s and the average of four data points
was calculated. To draw the polarization curves, the data mea-
sured at the respective current densities during the ‘round-trip’
(OCV ⇒ <350 mV ⇒ OCV) were averaged. The differences between
the two values were always smaller than 30 mV for OCV and smaller
than 10 mV at all current densities. When no polarization curves
were measured the cells were run at constant current densities,
which resulted in cell voltages of about 600 mV (in most cases
j = 200 mA cm−2). Cell resistances were measured by the current
interruption technique.

3. Results and discussion

3.1. Water and phosphoric acid uptake of ABPBI

Like other polybenzimidazoles ABPBI readily absorbs large
amounts of water and especially phosphoric acid while no uptake
of most organic solvents is observed. Even when immersed in
strong dipolar and non-protogenic solvents such as dimethyl-
sulfoxide (DMSO), N-methylpyrrolidone (NMP) or dimethyl-
acetamide (DMAc), the cross-linked ABPBI membranes showed no
or very little swelling. The water and acid uptake of ABPBI mem-
branes caused by doping in aqueous phosphoric acid of different
concentrations at 80 ◦C is depicted in Fig. 3. The weight gain in pure
Fig. 3. Water and phosphoric acid uptake of ABPBI membranes during immersion
in aqueous phosphoric acid of different concentrations for eight hours at 80 ◦C (left
axis), the thickness of the membranes after doping is shown on the right axis.
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Table 1
Composition and thickness of catalyst layers (difference of thicknesses of GDL and
GDE as measured with a micrometer with a clamping pressure of 160 kPa) with a
platinum loading of 1 mg cm−1 based on different types of catalysts and their visual
appearance after impregnation with 20 mg H3PO4 cm−2.

Catalyst PTFE content Catalyst layer
thickness (�m)

Visual appearance of the
GDEs in the acid-loaded state

Pt black 10% 10 Liquid film of H3PO4 on the
surface

60% Pt/C 24% 25 Puddles of H3PO4 on the
surface
C. Wannek et al. / Journal of P

M H3PO4 corresponds to ABPBI × 0.3 H3PO4 whereas dipping the
embrane in a bath with 8 mol L−1 phosphoric acid resulted in
BPBI × 1.0 H3PO4. After doping in 85% (or 14.8 M) phosphoric acid,

he membrane weight was quadrupled and the membrane con-
ained as many as 3.1 molecules of phosphoric acid per repeat unit.
or ABPBI with a lower degree of cross-linking slightly higher dop-
ng levels have been reported recently (ABPBI × 3.5 H3PO4 [22,23]).

ith an acid content of about 72% in the water-free membrane, the
oping level of the present material is as high as observed for classi-
al PBI membranes [5] but still significantly lower than reported for
BI membranes produced by the sol–gel reaction from polyphos-
horic acid [7,9,10]. We observed that the swelling was strongly
nisotropic as the lateral dimensions of the samples increased by
ess than 4% while the thickness almost tripled during doping in
oncentrated phosphoric acid. As a rough estimate, we observed
hat more than half of the acid uptake of the membranes occurred
uring the first 10 min of the doping process at 80 ◦C and more than
0% during the first hour.

.2. Proton conductivity of phosphoric-acid-doped ABPBI
embranes

Although for the present study the concept of cell assembly from
ndoped membranes and acid-impregnated gas diffusion elec-
rodes was pursued, the conductivity of free-standing ABPBI × 3.1
3PO4 was measured at different temperatures and relative
umidities to gain information about the membrane conductivities
hich might be achieved in the operating fuel cell after redistribu-

ion of the phosphoric acid within the MEA.
The specific conductivity of ABPBI doped in concentrated phos-

horic acid measured under ‘dry’ conditions in our test rig shows
-shaped behaviour depending on the cell temperature (Fig. 4). The
ncrease of proton conductivity with temperature between 100 and
40 ◦C is due to growing proton mobility in the membrane [4]. At
40 ◦C the specific conductivity amounts to 79 mS cm−1, which con-
rms the data previously reported for ABPBI × 3.5 H3PO4 [22,23].
his value is higher than that published earlier for ABPBI by other
esearch groups [19,20] and is also in the same order of magni-
ude as that reported for PBI doped in concentrated phosphoric acid
4,5,12,13,17]. The conductivity of PBI manufactured via the sol–gel
rocess from PPA has been reported to be even higher [7,9]. The flat-

ening of the curve above 150 ◦C can be attributed to the (reversible)
ondensation of phosphoric acid (H3PO4) to pyrophosphoric acid
H4P2O7), which has been reported to have a lower conductivity
han H3PO4 [4,12]. At low temperatures, we measured abnormally

ig. 4. Specific conductivity of ABPBI × 3.1 H3PO4 at different temperatures and
ater vapour pressures. Values were calculated on the basis of the thickness of the

cid-containing membrane before the first heating.
40% Pt/C 32% 50 No droplets on the top,
slightly shiny

20% Pt/C 40% 150 Dry

high specific conductivities due to the fact that in our test rig the air
around the sample had been bubbled though a water bath at room
temperature followed by being passing through a combination of a
Liebig and Dimroth condenser connected to a refrigerated circulator
bath. With this set-up, the atmosphere around the sample always
contains water with a dew point of about 8–10 ◦C, which is of little
importance to the conductivity at high temperature as the relative
humidities are well below 1%. Nevertheless, with decreasing tem-
perature the measurements were no longer conducted under nearly
dry conditions but at significant humidity levels of, for example 4%
at 70 ◦C, leading to higher specific conductivity [3–5,13,19].

We decided to use the data obtained from the first heating of the
samples. In the second run we always measured much higher con-
ductivities (Fig. 4). We relate this phenomenon to the observation
that at high temperatures the samples started to ‘sweat out’ some
liquid which did not re-enter the membrane during the cooling
step. We speculate that this liquid acid might lead to some surface
conductivity influencing the result of the second circle.

Much higher conductivities were measured at a constant rela-
tive humidity of 20% reaching nearly 200 mS cm−1 at 140 ◦C (dew
point of 90 ◦C!) during the first cycle. This is in accordance with the
fact that the conductivity of the binary mixture of phosphoric acid
and water has a maximum at an intermediate composition (e.g. at
∼50% H3PO4 at RT [5]) as well as with previous reports on the prop-
erties of acid-containing membranes of the polybenzimidazole type
[3–5,13,19].

In the operating fuel cell, the effective membrane conductiv-
ity depends on a complicated equilibrium between the properties
of the free-standing membrane, the compression of the MEA in
the cell, the humidity of the fuel steam (hydrogen or technical
reformate) and the amount of product water produced by the
cell.

3.3. Catalyst inks, microstructure of the catalyst layer and
reflections about the re-distribution of H3PO4 in the MEA

Ultrasonication for at least 20 min turned out to be necessary to
reproducibly prepare homogeneous catalyst inks containing black
or carbon-supported platinum catalyst and PTFE in a mixture of
water and alcohols. Dynamic light scattering analyses performed
on the (diluted) dispersions revealed that small average ‘particle
sizes’ of less than 1 �m and very narrow particle size distributions
were obtained for all combinations of catalysts and PTFE concentra-
tions listed in Table 1. The representative example depicted in Fig. 5
containing the data for the combination of 20% Pt/C and 40% PTFE
in the dry catalyst layer shows that the mean diameter of the indi-
vidual particles (assumed to be spherical) was calculated as about

250 nm. This ‘particle size’ corresponds to the ‘aggregate structure’
of carbon black characterized by several individual (more or less
spherical) primary carbon particles being joined or fused together
to form rod-like structures with some branching [29]. This type
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ig. 5. Development of the correlation function of a (diluted) catalyst ink containi
educed from this data by non-negative least-square fitting over a measuring time

f aggregate structure is commonly observed during TEM experi-
ents performed on fuel cell catalysts (see for example [30]). These

esults indicate that the application of energy to the catalyst ink by
ltrasonic agitation leads to dispersion of the catalyst in form of fine
articles with diameters smaller than 1 �m without destroying the
ggregate structure of carbon black. No significant changes in the
orrelation functions (small inset in Fig. 5) between the first and the
enth measurement (performed at an interval of more than 7 h) are
isible. The particle size distribution deduced from this data shows
nly a slight broadening and increase of the mean particle size.

The microstructure of the dried catalyst layers was checked by
ptical and scanning electron microscopy. While the thin electrodes
repared with Pt black and 60% Pt/C hardly had any cracks on
heir surface, the much thicker catalyst layers containing 40% Pt/C,
nd especially the one prepared with 20% Pt/C, consisted of many
ndividual clots of 1–3 mm in diameter with sharp edges (Fig. 6a).

homogeneous distribution of PTFE was achieved in all samples
isted in Table 1. As can be seen from Fig. 6b, there is no phase sepa-
ation between the catalyst particles and polymer on the scale from
icro- to millimetres even in the sample with 20% Pt/C containing

0 wt.% PTFE. The high-resolution image of the same sample shows
ow the individual carbon particles of the catalyst are connected by
web of very thin polymer strings. Only when the PTFE content in

he catalyst layer exceeds a given value does it become impossible
or all of the polymer to be distributed homogeneously under the
reparation conditions used for this study (cf. Fig. 6d). The results
f our efforts to prepare catalyst layers containing the membrane
olymer ABPBI are discussed separately in Section 3.4.3.

After the acid-impregnated GDEs had been assembled with the
ndoped membrane in the cell and a leak test under nitrogen had
een performed, the samples were heated up to 160 ◦C under OCV
onditions with hydrogen and air flowing through the anodic and
athodic compartments. The cell voltage increased steadily dur-
ng the beginning of the heating process, reached about 1.0 V at
0–80 ◦C and then decreased slightly to 850–950 mV at 160 ◦C.

efore starting to draw current the cell was maintained at OCV

or 60 min to provide sufficient time for the phosphoric acid to be
e-distributed in the MEA, and thus to achieve good proton con-
uctivity of the membrane. Afterwards the current density was

ncreased stepwise within 30 min to j = 200 mA cm−2 resulting in a
Pt/C and 40% PTFE (solids content; small inset) and the particle size distribution

cell voltage of about 600 mV. During a following 70–100 h hold step
at this current density the cell voltage changed only marginally.
From these observations we conclude that acid redistribution
within the MEA, and especially the transfer of phosphoric acid from
the catalyst layers into the membrane at 160 ◦C, is a rather quick
process with an equilibrium being established within less than 1 h.

3.4. Influence of the composition of the catalyst layer and the fuel
cell operating conditions on MEA performance

3.4.1. Choice of platinum catalyst
Gas diffusion electrodes with a platinum loading of 1 mg cm−2

were prepared with four types of catalysts ranging from 20% Pt/C
to platinum black. For these experiments the amount of PTFE
binder in the catalyst layers was adjusted to the carbon contents
of the different catalyst layers guided by the information from
[31] without further optimization (Table 1). As has been shown
above, the H3PO4 uptake of the ABPBI membrane in concentrated
phosphoric acid amounts to 50 �m (Fig. 3), which corresponds to
10.5–11.0 mg cm−2. As a consequence, both the anode and cathode
must be loaded with at least half of this quantity – further below
we will show that a considerable excess is actually necessary – to
assure good performance of MEAs with acid impregnation via the
electrodes, i.e. an amount of >5.5 mg H3PO4 cm−2 or the equivalent
of a dense film of phosphoric acid more than 25 �m thick has to be
stored in each of the catalyst layers before the MEA can be assem-
bled. Furthermore, taking into account that their porosity might
be ∼60% [6] we conclude that catalyst layers suitable for this MEA
preparation technique have to be significantly thicker than 50 �m.
This consideration is corroborated by the observation that the GDEs
based on Pt black and 60% Pt/C were not able to store the complete
amount of acid necessary for good MEA performance (20 mg cm−2,
Table 1) as they were simply too thin. The GDE based on 40% Pt/C
took up the entire amount of acid, but it was shining wet as if com-
pletely soaked with acid. In this context, it is worth mentioning

that MEAs with this type of GDE needed high cathodic air flows
(up to � = 6) to give reasonable fuel cell performance. Only the very
thick electrodes based on 20% Pt/C stored the complete amount
of phosphoric acid without any problems and maintained a dry
appearance. As a consequence, all the experiments described and
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mental conditions of this study. In all cases, ABPBI amounts as low
as 2 wt.% led to a significant decrease of fuel cell performance. As
we observed very low gas permeabilities of the ABPBI-containing
GDEs (by measuring the respective Gurley numbers, results not
ig. 6. Images of the microstructure of catalyst layers based on 20% Pt/C taken with
a–c) present different magnifications of the surface of a catalyst layer with 40 wt.%
ext (Section 3.4.2) on the right hand side a PTFE agglomerate is clearly discernible.

iscussed in the following were performed with this type of thick
DE based on 20% Pt/C.

.4.2. Optimization of PTFE content in catalyst layer
We studied the influence of the PTFE content within the cat-

lyst layer based on 20% Pt/C within the range of 20–60 wt.% of
olymer. With our preparation procedure, it proved possible to
roduce GDEs with a homogeneous microstructure and fine dis-
ribution of PTFE up to at least 40 wt.%. At higher polymer contents
e observed the formation of agglomerates of PTFE in the cata-

yst layer as can for example be seen in Fig. 6d showing a detail of
he microstructure of an electrode containing 50% PTFE. From our
tandard fuel cell characterization (T = 160 ◦C, H2/air, ambient pres-
ure), we were unable to detect any important differences between
he polarization curves measured with the samples containing 20
nd 40% PTFE, respectively, in either of the GDEs as both MEAs had
ell voltages slightly higher than 600 mV at j = 200 mA cm−2 and
ecause ∼250 mW cm−2 was obtained as the maximum power den-
ity for both samples (Fig. 7). The MEA with 60% PTFE performed
ignificantly less satisfactorily. This might be attributed to a partial
ncapsulation of catalyst particles by the high volume fraction of
TFE or by the formation of non-active parts of the cell area due
o large agglomerates of inert PTFE. For all subsequent studies, we
hose to use GDEs with a fairly high binder content of 40% PTFE,
hich is close to the value predicted to be optimal for PEFC catalyst

ayers with Nafion and PTFE as binders [31].

.4.3. Introduction of ABPBI into the catalyst layer
We investigated different ways of introducing ABPBI into the cat-

lyst layers because it could at least partially replace PTFE as binder

nd might additionally prevent leaching of the electrolyte from the
EA during fuel cell operation due to its affinity for phosphoric

cid. One approach consisted of precipitating ABPBI on the catalyst
upport by dripping a dispersion of 20% Pt/C in a solution of (not
ross-linked) ABPBI into an excess of a non-solvent such as water
tical microscope (a) and a scanning electron microscope (b–d), respectively. Figures
. The sample depicted in (d) contains 50% PTFE; as described in detail in the main

or terpineol with vigorous stirring. After washing and filtrating the
powder, it was used for the standard preparation of catalyst inks.
Alternatively previously prepared GDEs were loaded with ABPBI
by spraying a solution of the polymer on top of the catalyst layer
or by dipping it into the ABPBI solution. A one-step procedure for
the preparation of the catalyst layer by directly adding an ABPBI
solution to a dispersion of the catalyst (and if applicable PTFE)
in for example DMAc or a mixture of formic and phosphoric acid
(cf. [6,12,13,17,21,32]) under prolonged ultrasonication has not been
studied yet. Although different authors have explicitly claimed the
introduction of polybenzimidazole to be advantageous for fuel cell
performance [21,33–35], this was not achieved under the experi-
Fig. 7. Cell performance of ABPBI-based MEAs with different amounts of PTFE in
the 20% Pt/C-based catalyst layer (∼1.0 mg Pt cm−2 and 20 mg H3PO4 cm−2 per elec-
trode).
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A/C
to a small increase of the cell performance in the technically rele-
vant region of the polarization curves at cell voltages above 0.5 V
(Fig. 10). While a decrease of the anodic lambda to 1.2 (and main-
taining �C = 2.0) was possible without large performance losses, the
ig. 8. Influence of the amount of acid impregnation of the catalyst layers of GDEs
20% Pt/C, 40% PTFE) on the performance of MEAs after assembling these GDEs with
ndoped ABPBI membranes.

hown here) and supported by the observation that MEAs prepared
rom these electrodes needed rather high gas flows (up to � = 6) to
ork reasonably well, we attribute this to the strong film-forming
roperties of our ABPBI solution.

.4.4. On the amount of acid impregnation of GDEs
An acid impregnation of about 6 mg H3PO4 cm−2 per electrode

ould be sufficient for maximum conductivity of the membrane
f the complete amount of phosphoric acid was transferred from
he catalyst layers to the membrane during the first heating of
he MEA (cf. Section 3.4.1). Some additional phosphoric acid is
ssumed to be necessary for good proton conductivity within the
DEs. Loading both electrodes based on 20% Pt/C (about 150 �m

hick) with 10 mg H3PO4 cm−2 was not sufficient to achieve good
uel cell performance as this MEA only delivered 110 mW cm−2 as
he peak power density (Fig. 8). Only with a much higher excess
f phosphoric acid, such as 20 or 30 mg cm−2 per electrode, was
ood cell performance achieved with a maximum power density
bove 250 mW cm−2. An even higher amount of phosphoric acid
s thought to be disadvantageous as most of the pores of the cat-
lyst layer will become filled with liquid, which is believed to be
etrimental for the mass transport of the reactants. Detailed stud-

es about the distribution of the phosphoric acid within the MEA
re under way and the results will be published in a separate paper.

.4.5. Catalyst loading
High-temperature PEM fuel cells with phosphoric acid elec-

rolyte require relatively high catalyst loadings compared to
classical’ PEFCs with a perfluorosulfonic-acid-type membrane (e.g.
afion®) operating at 60–90 ◦C. This has been attributed to anion
dsorption on platinum as well as to low solubility of oxygen in
nd its slow diffusion through phosphoric acid within the cathodic
atalyst layer [10,36–38]. In accordance with data from the open
iterature, we found a platinum loading of about 1 mg cm−2 per
lectrode to be a good choice. While there were no significant differ-
nces in the cell performances at technically relevant cell voltages
f 500–600 mV of MEAs with platinum loadings between 0.6 and
.2 mg cm−2, an MEA with a loading of 0.3 mg cm−2 (which would
till be reasonably high for a ‘classical’ PEFC) performed much less
atisfactorily (Fig. 9). We observed that MEAs with a catalyst load-
ng of 0.6–0.8 mg cm−2 needed more time after the break-in period

nd the recording of several polarization curves to reach their max-
mum performance, while those with loadings above 1.0 mg cm−2

isplayed their highest power output immediately after the break-
n (not detailed here). As all GDEs tested in this context were
mpregnated with 20 mg cm−2 H3PO4 to assure good conductivity
Fig. 9. Comparison of the polarization curves for MEAs with GDEs of the same com-
position (20% Pt/C, 40% PTFE, 20 mg H3PO4 cm−2 per electrode) but different catalyst
loadings.

of the membrane in the working cell, an increasing blocking of cat-
alyst sites and of gas diffusion pathways by phosphoric acid with
reduced catalyst loading (= reduced thickness of the catalyst layer)
is assumed to be at least partly responsible for the relatively low
performance of the MEA with the smallest catalyst loading.

3.4.6. Cell compression
The influence of the cell compression (defined by the thickness

to which the MEA has been compressed in the cell relative to the
sum of the thicknesses of its individual components) was only var-
ied between 60 and 85% during this study. Within this range no
significant influence of the cell compression on the fuel cell perfor-
mance at 160 ◦C and �A/C = 2/2 was observed. This might be due to
the fact that a thick and very porous gas diffusion layer was used,
which can buffer these small to modest variations in compression.
Accordingly, there were only very small variations in the cell resis-
tances if at all. The measured values of 120–150 m� cm2 indicate
an intimate bonding between the GDEs and the membrane as well
as good proton conductivity within the MEA.

3.4.7. Influence of stoichiometric excesses of the reactants
An increase of the gas flows from � = 2/2 to 3/3 or 6/6 led
Fig. 10. Influence of the stoichiometric excess of the reactants on the fuel cell perfor-
mance of an MEA (GDEs: 20% Pt/C with 1.2 mg Pt cm−2, 40% PTFE, 20 mg H3PO4 cm−2

per electrode) at 160 ◦C using hydrogen and dry air without pressurization as the
reactants.
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Fig. 11. Cell voltage of an MEA prepared from acid-impregnated GDEs (20% Pt/C with
1.2 mg Pt cm−2, 40% PTFE, 20 mg H3PO4 cm−2 per electrode) and an undoped ABPBI
m
d
T
b

r
d

3

s
a
P
n
(
l
M
r
b
t
c
c
f
c
s
d
i

4

n
P
m
l
a
u
f
s
h
t
P
w
a
a
i
a
s

[

[

[
[

[
[

[

[
[
[
[
[

[

[

embrane when the current density was fixed to j = 200 mA cm−2 during a 1000 h
urability test at 160 ◦C (H2/air, (both dry), ambient pressure, �A/C = 2/2, A = 14.4 cm2).
he first data point after the weekly recording of two polarization curves is marked
y a triangle.

eduction of the cathodic gas flow (�A/C = 2.0/1.2) resulted in a 30%
ecrease of the current density at U = 550 mV (not shown here).

.4.8. Durability
MEAs have already demonstrated good durability not only in

ingle cells [23] but also in a first 100 W stack [22]. While the aver-
ge degradation rate of an MEA (20% Pt/C with 1.2 mg Pt cm−2, 40%
TFE, 20 mg H3PO4 cm−2 per electrode) during a 1000 h test under
early steady-state conditions at 160 ◦C was as low as −25 �V h−1

Fig. 11), dynamic load changes and start-stop cycling generally
ed to somewhat higher degradation rates [8,23]. For some PBI-

EAs even better long-term stability of cell performance has been
eported [8,11,39]. We identified the loss of catalytically active sites
y an increasing mean particle size in the electrodes, especially in
he cathode, as the main cause of these performance losses ([23], for
omparison see also [40]). Indeed, the mean diameter of platinum
rystallites (deduced from X-ray powder diffractograms) increased
rom 2.5 nm in fresh GDEs to 5.2 in the anodic and to 6.5 nm in the
athodic catalyst layer after the 1000 h test under nearly steady-
tate conditions [23]. Leaching of phosphoric acid from the MEA
uring cell operation clearly plays a minor role under these exper-

mental conditions [8,23].

. Conclusions and outlook

We have established a novel (or long-neglected [24]) tech-
ique for the introduction of phosphoric acid into high-temperature
EFCs by impregnating thick catalyst layers – deposited on a dense
icroporous layer (serving as an effective barrier layer against

eaching of H3PO4 from the MEA) of a GDL – with phosphoric
cid and assembling these as both anodes and cathodes with an
ndoped ABPBI membrane. Redistribution of the electrolyte was
ound to be a quick process as such MEAs deliver high current den-
ities immediately after start-up. So far, the best cell performance
as been obtained using GDEs with a platinum loading amounting
o ∼1.0 mg cm−2 based on 20% Pt/C as catalyst and containing 40%
TFE as a binder when these active layers have been impregnated
ith 20 mg H3PO4 cm−2. With hydrogen and dry air as reactants
t ambient pressure and moderate gas flows, power densities of
round 250 mW cm−2 have been obtained at 160 ◦C. MEAs prepared
n this way displayed good durability during a 1000 h test with an
verage degradation rate of only −25 �V h−1 during nearly steady-
tate operation at 160 ◦C. Further developments will concentrate on

[

[

[

Sources 192 (2009) 258–266 265

the use of ABPBI membranes with an acid uptake capability even
exceeding the present 3.1 moles of H3PO4 per repeat unit of ABPBI
(specific conductivity of 80 mS cm−1 at 140 ◦C in quasi-dry air) as
well as on redesigning the cathodic catalyst layer. Studies eluci-
dating the acid distribution in this type of MEA are underway. We
believe our easy and very reproducible MEA preparation technique
can be used with any type of high-temperature PEFC with a phos-
phoric acid/benzimidazole type electrolyte system and that it is
especially beneficial for the fabrication of MEAs for stacks with a
large area of the individual cells as only mechanically robust mate-
rials have to be handled while assembling the MEA.
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