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a  b  s  t  r  a  c  t

The  fuel  cell  performance  of a composite  PBI-based  membrane  with  TiO2 has  been  studied.  The  behaviour
of  the  membrane  has  been  evaluated  by comparison  with  the  fuel  cell  performance  of  other  PBI-based
membranes,  all of  which  were  cast from  the  same  polymer  with  the same  molecular  weight.  The  PBI
composite  membrane  incorporating  TiO2 showed  the  best  performance  and  reached  1000  mW  cm−2 at
175 ◦C. Moreover,  this  new  titanium  composite  PBI-based  membrane  also  showed  the  best  stability  during
the preliminary  long-term  test under  our operation  conditions.  Thus,  the  slope  of  the increase  in the

2 −1

omposite
urability
igh temperature PEMFC
iO2

erformance
olybenzimidazole

ohmic resistance  of  the  composite  membrane  was 0.041  m�  cm h and  this  is  five times lower  than
that  of the  standard  PBI  membrane.  The  increased  stability  was  due  to  the  high  phosphoric  acid  retention
capacity  – as confirmed  during  leaching  tests,  in which  the  Ti-based  composite  PBI membrane  retained
5  mol  of  H3PO4/PBI  r.u.  whereas  the  PBI  standard  membrane  only retained  1  mol  H3PO4/PBI  r.u. Taking
into  account  the  results  obtained  in  this  study,  the TiO2–PBI based  membranes  are  good  candidates  as
electrolytes  for high  temperature  PEMFCs.
. Introduction

Polybenzimidazoles (PBIs) are a well-known class of poly-
ers that have applications as high temperature matrix resins,

on-flammable textile fibres, adhesives and foams [1].  Wainright
t al. were the first to use a PBI–phosphoric acid complex as an
lectrolyte in high temperature proton exchange fuel cells (HT-
EMFCs) [2]. Since then, PBI has received increasing attention for
his application. For example, in 2000 only ∼25 manuscripts were
ublished on this material whereas in 2008 the number increased
o more than 250 manuscripts and more than 6000 citations, as
eported recently by Li et al. [3].

The most desirable feature for the PBI to be an electrolyte in HT-
EMFC is its proton conductivity, which depends on the amount
f phosphoric acid retained, i.e. the doping level [4,5]. The conduc-
ivity increases as the doping level increases, but the membranes
ose mechanical strength. An optimum doping level must there-
ore be found for the proper operation of the fuel cell. The structure

f PBI has been modified to improve its properties (conductiv-
ty, mechanical strength, etc.) either by modifying the monomer
rior to polymerisation, by post-functionalisation of the polymer

∗ Corresponding author. Tel.: +34 926 29 53 00x6707; fax: +34 926 29 52 56.
E-mail address: Justo.Lobato@uclm.es (J. Lobato).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.06.011
© 2011 Elsevier B.V. All rights reserved.

or by the addition of inorganic fillers. Inorganic fillers are typically
added to increase the proton conductivity and/or acid uptake of
PBI films. A number of methods for filling, blending and sulphonat-
ing PBI have been developed and were reviewed by Kerres [6]. As
examples, phosphoric acid-doped PBI membranes have been incor-
porated with zirconium phosphate [7],  phosphotungstic acid [7,8]
and silicotungstic acid [9].

In the work described here, several types of PBI-based mem-
branes for high temperature PEMFCs cast from the same polymer
(with the same molecular weight) were prepared and tested in
a single high temperature PEM fuel cell in order to compare the
results and assess the benefits of adding TiO2 particles. Thus, stan-
dard PBI, sulphonated PBI and titanium oxide composite PBI-based
membranes were prepared. It should be noted that this paper
is complementary to another one published by our group where
the physicochemical characterization is discussed in greater depth
[10]. The data presented in this work mainly concern the fuel
cell performance and the potential use of these new composite
membranes in an HT-PEMFC. TiO2 has previously been used in
Nafion-based composites [11,12] but not with PBI membranes.
Leaching tests were carried out on the prepared membranes and
the mechanical properties were assessed. Moreover, a preliminary

long-term cell test (120 h) was carried out on the four different
membranes and impedance analyses were performed to evaluate
the results.

dx.doi.org/10.1016/j.jpowsour.2011.06.011
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:Justo.Lobato@uclm.es
dx.doi.org/10.1016/j.jpowsour.2011.06.011
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Table 1
Doping level reached after immersion of the membranes in a bath of 85% phosphoric
acid (except for the membrane cast with TFA), water uptake and molar ratio of
PBI/water of the PBI membranes prepared in this work.

Membrane PBI Sulphonated Composite-TiO2
266 J. Lobato et al. / Journal of Pow

. Experimental

.1. PBI membrane preparation

The PBI polymer was synthesised according to a procedure
escribed elsewhere [13]. Different PBI-based membranes were
repared using a polymer with the same molecular weight. The
hemicals were used as received. A chemically sulphonated PBI
sPBI) was synthesised as follows. Firstly, a standard PBI mem-
rane was prepared using N,N-dimethylacetamide (DMAc) (99%
urity, Panreac, Spain) as solvent (4.7 wt%) [13,14] and a film appli-
ator with a doctor blade (Elcometer, S.A.) was used to cast the
embrane. The solvent was removed as described in [14]. The

tandard PBI membrane was then sulphonated (s-PBI) according
o the method described in a previous publication and the degree
f sulphonation achieved was 84.8% (mol HSO3/repeat unit PBI)
10]. The sPBI was made with the aim of obtaining PBI-based mem-
ranes with high conductivity. Moreover, membranes were directly
ast using trifluoroacetic acid (TFA) (99% purity, Panreac, Spain)
s solvent and doped with the desired amount of phosphoric acid
o obtain 10 mol  H3PO4/urPBI, which is similar to that the level
chieved in the standard PBI membrane immersed in a bath of
5% H3PO4 [14]. The direct cast technique is based on the use of

 solution of PBI and phosphoric acid in one phase. This approach
llows the preparation of a doped membrane that is ready to use
n a cell once the membrane is cast and the solvent is removed.
egarding the TiO2 composite PBI-based membranes, these mate-
ials were prepared by the direct addition of titanium dioxide
articles (Merck, mean particle size 1.14 �m)  to a solution of PBI
2.2 wt%) in DMAc. A calculated amount of TiO2 to obtain 2 wt%  of
iO2 in the membrane was  added and the mixture was stirred in
n ultrasonic bath for 2 h at room temperature to give a homoge-
eous solution. Finally, the membrane was cast by following the
ame procedure as for the standard PBI membranes [13,14]. The
BI solution used to prepare the TiO2 composite PBI-based mem-
rane had a lower concentration than the solution used to prepare
he standard PBI membrane. This change was made to improve the
ispersion of TiO2 particles in the PBI solution.

Once the membranes had been prepared, all but the one pre-
ared with TFA as solvent were immersed in phosphoric acid
85 wt%, Panreac, Spain) at room temperature to dope them.

The acid doping level and the water absorbed in the differ-
nt membranes were calculated on the basis of thermogravimetric
nalysis. Two portions of the same PBI membrane were prepared
ith the same thickness and dimensions. Firstly, the membrane
ortions were introduced into an oven at 110 ◦C for 3–4 h to
emove superficial water. The membranes were then weighed. Sub-
equently, one sample was dipped into a phosphoric acid solution
f known concentration and the other portion was used for thermo-
ravimetric analysis. For all the membranes studied, a weight loss
as observed up to approximately 150 ◦C [10]. The weight loss was
ue to the loss of absorbed water from the membrane. Accordingly,
his first analysis gave the weight percentage of water contained in
he undoped PBI membrane, with the remainder being the poly-

er  content. The second portion of membrane was  immersed in
he acid solution for at least five days, because this immersion time
nsures that the membrane adsorbs the highest quantity of acid
nd the acid impregnation process is complete [14]. The membrane
as removed from the phosphoric acid solution and the excess acid
as wiped from the surface. The membrane portion was weighed

nd analysed by TGA. In this analysis a weight loss up to 150 ◦C
as also observed but an additional weight loss process was  evi-

ent above this temperature due to H3PO4 auto-polymerisation
10]. The second weight loss ranged from 150 ◦C to the end of the
nalysis. Hence, the second TGA allowed the levels of absorbed
cid and water in the phosphoric acid-doped membrane to be cal-
Doping level (mol H3PO4/r.u. PBI) 11.3 15.3 15.3
Water uptake (mol H2O/r.u. PBI) 11.6 22.3 17.5

culated, taking into account the results (PBI amount) obtained in
the first TGA. The calculation of acid and water absorption by the
membranes was  carried out using Eqs. (2.1) and (2.2):

Adsorbed acid (mol H3PO4/r.u.PBI) = (WPBI+Acid, 2 − WPBI, 1)/Mw, H3PO4

WPBI, 1/r.u. PBI
(2.1)

Adsorbed water (mol H2O/r.u.PBI) = (WWater, 2 − WPBI, 1)/Mw, H2O

WPBI, 1/r.u. PBI
(2.2)

where WPBI + Acid, 2 is the weight of PBI and acid obtained from the
second portion in the TGA; WPBI, 1 is the weight of PBI obtained
from the first portion; WWater, 2 is the weight of water from the
second portion; Mw, H3PO4 is the molecular weight of phosphoric
acid; Mw, H2O is the molecular weight of water; r.u. PBI is the repeat
unit of PBI (308 g/r.u. PBI).

The doping level and the amount of absorbed water in the differ-
ent membranes prepared in this work are given in Table 1. The TGA
data were obtained from a previous study, in which the physico-
chemical characterization is discussed in more detail [10]. The data
in this table allow a better understanding of the fuel cell perfor-
mance.

2.2. Physicochemical characterization

TGA analyses were performed on a Perkin-Elmer TGA7 Thermo-
gravimetric Analyzer equipped with a Gas Selector and a TAC7/DX
Thermal Analysis Controller. The samples were heated up from
25 ◦C to 550 ◦C at 10 ◦C min–1 under a nitrogen flow.

The leaching tests were carried out by washing the doped mem-
branes in water at 80 ◦C for 2 h (until complete removal of the free
acid) and the removed phosphoric acid, which was in the washing
water, was  measured by inductively couple plasma (ICP) analy-
sis. Mechanical analyses were carried out on stress–strain curves
obtained with a universal testing machine (Instron-5565) at 125 ◦C
and 50% humidity and the crosshead speed was set at 5 mm min−1.

2.3. Fuel cell assembly and testing

Fuel cell tests were performed in a cell consisting of two
monopolar plates made of graphite impregnated with a pheno-
lic resin (Sofacel, Spain) onto which flow fields with a serpentine
geometry were machined. Heat was  provided by means of heat-
ing rods inserted into the cell. The temperature of the system was
regulated by a temperature controller (CAL 3300, Cal Controls Ltd.,
United Kingdom) connected to a thermocouple imbedded in the
graphite blocks. Gold-plated metallic bolts were screwed into the
blocks to allow electrical contact. Pure hydrogen and oxygen were
fed at atmospheric pressure into the cell at a constant flow rate
of 0.134 l min–1 and 0.076 l min–1, respectively, without any addi-
tional pre-treatment.

For the preparation of the membrane–electrode-assemblies
(MEAs), Toray graphite paper (TGPH-120, 10% wet-proofed, Etek
Inc., USA) was used as the gas diffusion and supporting layer taking
into account previous results [15]. A catalytic ink composed of 40%
Pt on carbon black (Vulcan XC-72, Etek Inc., USA) [16], PBI as binder

and DMAc as solvent was sprayed (using as carrier gas N2) onto
the graphite paper. The electrodes were then soaked with a 1 wt%
H3PO4 solution (≈30 mg  cm−2) in order to make the PBI a proton
conductor and to soften the contact between the membrane and
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he electrodes. The Pt loading on both electrodes was 0.5 mg  cm−2

nd a C/PBI wt ratio of 20 was used on the basis of previous results
16,17]. The MEA  preparation procedure concluded with the assem-
ly of the electrodes and the membrane by hot-pressing. In this
rocess the MEA  was introduced between two stainless steel blocks
quipped with heating rods and a temperature control system. Hot-
ressing was performed at 130 ◦C by applying a load of 1 tonne for
5 min. The active area of the electrodes was 4.65 cm2.

The electrochemical analysis was carried out by obtaining polar-
zation curves and impedance spectra as follows. Firstly, the cell

as kept at a constant temperature (125 ◦C) for 24 h, with the volt-
ge monitored at a constant current density of 0.215 A cm−2 (1 A)
ith an Autolab PGSTAT30 potentiostat/galvanostat (Ecochimie,

he Netherlands). In all cases, the cell voltage reached a stationary
alue. Polarization curves were obtained at different temperatures
ith a scan rate of 1 mV  s−1 and a step potential of 1 mV.  Impedance

pectra (IS) were obtained at a potential of 0.6 V under the differ-
nt fuel cell conditions. The frequency ranged from 10 kHz down to
00 mHz, with a potential wave of 10 mV  rms.

. Results and discussion

.1. Fuel cell tests

Fig. 1 shows the polarization curves at 125 (Fig. 1a), 150 (Fig. 1b)
nd 175 ◦C (Fig. 1c) for the different membranes studied in this
ork. In all cases, and as expected, the fuel cell performance

mproved with temperature due to the enhancement of the kinetic
nd diffusion processes [14,17,18].  At low current densities, i.e.
he region governed by the oxygen reduction reaction (ORR), the
oltage drop experienced by the cell was lower on increasing the
emperature due to the enhancement of the ORR. In addition, at
ntermediate current densities – i.e. the region governed by the
hmic drop, which is responsible for the proton mobility – the
lope of the j–V curves decreased as the temperature increased
or all the membranes studied. Therefore, the improvement in
hese two factors combined with the decrease in the mass transfer
roblems led to an increase in the limiting current density (high
urrent density region) on increasing the operating temperature.
he worst performances were obtained with the standard PBI mem-
rane and the one cast and doped directly, most likely due to the

ower acid-doped content of these membranes. Moreover, at the
hree temperatures studied, the best yield was obtained with the
itanium PBI-based composite, with a maximum power density
f 1000 mW cm−2 at 175 ◦C, i.e. approximately 15% higher than
hat reached by the sulphonated membrane and approximately
5% higher with respect to the other membranes under the same
onditions.

It can also be observed that the temperature has a marked influ-
nce on the fuel cell performance when the sulphonated membrane
s used. Thus, at 175 ◦C the sulphonated membrane performed
etter than the standard membrane and the one doped and cast
irectly, whereas at 125 ◦C the sulphonated membrane gave the
orst performance.

In order to gain a better understanding of the fuel cell responses
nd in order to split the different contributions of the cell over-
oltages to the global response, performances were fitted to the
ollowing equations [19–22]:

 = E0 − b · log j − R · j + b · ln
(

1 − j

jlim

)
(3.1)

here
0 = Er + b · log j0 (3.2)

here Er (mV) is the reversible potential, b (mV  dec−1) is the Tafel
lope (related to the kinetic overvoltage) and j0 (mA  cm−2) is the
Fig. 1. Fuel cell performance (polarization, solid symbols and lines; power, open
symbols and dashed lines) for different membranes. Atmospheric pressure. Pt
load = 0.5 mg cm−2 in both electrodes. (a) T = 125 ◦C; (b) T = 150 ◦C; (c) T = 175 ◦C.

exchange current density for the oxygen reduction reaction. There-
fore, E0 (mV) is the reversible potential and the contribution of the
mixed potential of the oxygen electrode and the low rate of hydro-
gen crossover to the cathode (open circuit potential). j (mA cm−2) is
the current density, R (� cm2) is the ohmic drop and jlim is the limit-
ing current density, related to the diffusion overvoltage (mA  cm−2).
The values of these parameters are reported in Table 2.

It can be stated that the open circuit potential is very similar

for all of the samples, as are the Tafel slopes, because the elec-
trodes prepared for all of the samples were the same. In contrast,
the fitting of the internal resistance was different for each sample,
with a lower internal resistance obtained on increasing the acid
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Table 2
Characteristic fitted parameters of the polarization curves at T = 175 ◦C.

Sample Open circuit potential,
E0 (mV)

Tafel slope, b
(mV  dec–1)

Internal resistance, R
(m� cm2)

Limiting current density,
jlim (mA  cm−2)

PBI 868 ± 3 79 ± 1.5 81 ± 3 2687 ± 37
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PBI  (direct acid casting) 856 ± 5 79 ± 

sPBI  853 ± 3 71 ± 

2%  TiO2-PBI 840 ± 3 64 ± 

oping level. Finally, the cells with the worst performance showed
ower limiting current densities, although this did not occur for
he directly doped membrane. This fact indicates that mass trans-
er processes occur more rapidly in the TiO2 composite PBI-based

embrane fuel cell. In case of the directly doped membrane, the fit-
ing error of the limiting current density was very high. However,
his parameter is not significative, as in polarisation curves (Fig. 1c)
o mass transfer limitations appeared.

Cell measurements were accompanied by an evaluation of the
hmic contribution. It is well known that the fuel cell resistance
omes primarily from the ionic (electrolyte, membrane in this
ase) component [23]. Taking into account that only the membrane
as changed between experiments, it can be assumed that the
ifferences in the fuel cell resistance are due to the different con-
uctivities of the membranes tested in this work. The conductivity
alues (calculated from the total ohmic resistance of the fuel cell)
t the three temperatures studied are shown in Fig. 2. It can be seen
hat the conductivity increases with temperature. In all cases, the

odified PBI membranes (sulphonated and titanium-based com-
osite membranes) gave the highest values. This finding could be
ue to the higher doping levels achieved in these membranes. The
ifference between the standard PBI membranes and the modi-
ed ones became more marked on increasing the temperature. This

act could explain the very good performance of the sulphonated
embrane at 175 ◦C. As pointed out in a previous publication by

ur group [24], and more recently by Daletou et al. [25], the water
lays an important role in the conductivity mechanism and hence

n the fuel cell performance. As indicated in Section 2, the modified
embranes not only attained a higher acid doping level but also a

igher water content, especially in the case of the sulphonated one.
his means that at the highest temperature, where the availability
f water is low due to dehydration processes [16], the sulphonated

embrane is better at retaining the small amount of water avail-

ble and thus performs better than the standard PBI membranes.
he performance of this sulphonated PBI membrane is very inter-
sting and is better than those shown by other sulphonated PBI
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102 ± 7 3998 ± 445
52 ± 2 2920 ± 14
58 ± 2 3490 ± 25

membranes prepared by the same or similar procedures, where
the sulphonated PBI showed low conductivities and hence low fuel
cell performance [9,26].  These low performance levels could be
ascribed to the fact that the membranes were poorly doped with
phosphoric acid and therefore their conductivities were low.

3.2. Mechanical properties

It is known that for the acid-doped PBI membranes, high dop-
ing levels lead to high proton conductivity values, whereas the
mechanical properties weaken at high doping levels. The tensile
strength was calculated from the ultimate tensile stress at which
the membrane sample broke. The mechanical properties of the
different membranes tested in this work at 125 ◦C are shown in
Table 3. A high tensile strength can be observed for the PBI mem-
brane and this is related to the high molecular weight of the PBI
polymer synthesised in this work (385.6 kDa). Thus, in this work a
tensile strength of 446.0 MPa  was obtained, which is higher than
the 150 MPa  at 125 ◦C previously reported for a pristine PBI mem-
brane from a lower average molecular weight (25 kDa) [27]. In a
previous work [13] a value of 120 MPa  was  determined for a weight-
average molecular weight of 105.1 kDa, but this was measured
at 25 ◦C. These results indicate the importance of the molecu-
lar weight on the mechanical properties, as reported previously
[13,24], and show that the polymer used in this work has a high
molecular weight, leading to robust mechanical properties of the
subsequently cast membranes. Nevertheless, when the membrane
is doped, the tensile strength decreases due to the plasticizing effect
of the acid [28]. The modified membranes (sulphonated and tita-
nium composite membranes) therefore showed the lowest tensile
strength values. Highly doped membranes have shown high tensile
strengths, i.e. in the range from 1 to 3.5 MPa  [29,30].  Therefore, the
low values of 2.9 MPa  for the sulphonated membrane and 6.4 MPa
for the titanium one can be considered as acceptable values to cast
membranes for fuel operation at high temperatures. It can be seen
from the data in Table 3 that the pristine PBI membrane showed
an elongation at maximum stress of 40%, which is similar to val-
ues obtained for other PBI-based membranes. In contrast, all of the
phosphoric acid-doped PBI membranes showed elongation values
higher than 200%, indicating that both doped membranes become
more plastic at high acid doping levels, i.e. the polymer chains are

more flexible and can rearrange under load [24]. In the case of the
membrane prepared by the direct acid cast method, this showed
an elongation value close to that of the pristine PBI, which means
that these kinds of membranes are less flexible than the others and

Table 3
Mechanical properties of different PBI-based membranes studied in this work.

Sample Maximum
stress (MPa)

Elongation (%)

PBI 446.0 40.1
PBI·11H3PO4 22.2 289.8
PBI·10H3PO4

* 58.2 70.6
sPBI·15H3PO4 (sulphonated membrane) 2.9 211.0
PBI–TiO2·15H3PO4 (composite membrane) 6.4 224.9

* Direct acid casting with TFA.
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ig. 3. Long-term durability test. T = 175 ◦C; j = 0.215 A cm−2 at atmospheric pres-
ure.

lso that the cast method influences the mechanical properties. For
nstance, property ranges from 0.27 to 2.24 MPa  for tensile stress
nd 23–230% for elongation at break have been reported for a new
eneration of sulphonated PBI membranes [31].

.3. Durability test

Once the fuel cell conditioning, polarization curve measure-
ents and impedance spectroscopy studies had been performed,

 preliminary long-term MEA  performance durability test was
arried out on the different PBI-based membranes prepared in
his work. The membranes were operated at 175 ◦C without any
umidification of either H2 or O2. The applied current density was
.2 A cm−2 for approximately 5 days. The voltage drop during the

ong-term test is represented in Fig. 3. A slight drop of the voltage
hroughout the long-term test can be seen for all the membranes,
ut the standard PBI and the direct cast membranes showed the
ighest decays. The titanium-based composite membrane showed
he best performance, as one would expect, taking into account
he polarization curves. Moreover, this membrane showed the best
tability. The slope of the different cell voltage variations was  cal-
ulated in order to estimate the voltage drop with time (115 h) and
he following values were obtained: −194.2 �V h−1, −107.6 �V h−1,
43.7 �V h−1 and +35.1 �V h−1 for the standard PBI, the direct
cid cast membrane, the sulphonated PBI membrane and the tita-
ium composite membrane, respectively. Indeed, in the case of
he titanium-based membrane it can be seen that the voltage
ncreased. This demonstrates the good stability of this membrane
uring the first 115 h of operation. It is clear that the standard PBI
embrane and the one acid-cast directly with TFA are far from

he requirements needed for long-term operation. In contrast, the
ulphonated PBI membrane and the titanium composite membrane
how voltage decay rates within the range of others reported in lit-
rature [32]. For PBI-based membranes values of −14 �V h−1 and
250 �V h−1 have been reported recently [33]. Finally, a transient

ignal can be seen in all cases and this corresponds to the times at
hich the cell test was stopped and the activity was then resumed.

hroughout the first few minutes, it seems that the cell recovers
33] but then suffers a large decay in the first few hours up to a
ertain voltage value. This final voltage value matches the normal

rop of the cell voltage.

In order to gain a better understanding of the behaviour of the
EAs prepared with the different membranes during this stability

est, impedance analyses were carried out at different operation
Fig. 4. Impedance spectroscopy analysis of the different membranes studied in this
work. (a) Equivalent circuit used in this study; (b) Nyquist plots at the beginning
and (c) at the end of the preliminary long-term test.

times. The corresponding Nyquist plots for the different mem-
branes prepared in this work are shown in Fig. 4 at the beginning
and at the end of the test. The equivalent circuit used to simulate
the impedance data in this work, which were taken from the litera-
ture [16,17,34–38], are represented in Fig. 4. All of the spectra show
a similar pattern, with a large semicircle and a quasi-imperceptible
another one at the lowest frequencies. Moreover, in the case of
the most resistive systems, a very small distorted arc appears at
high frequencies. From high to low frequency, the first arc, accord-
ing to Springer et al. [37] and Paganin et al. [38], stems from the

distributed resistance effects in the electrolyte within the catalyst
and this is not related to faradaic processes. The second and largest
semicircle is related to the polarization of the electrode [39] and this
is the process that controls the cell performance at this cell volt-
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acid (phosphoric acid), which is one the bottlenecks for the tech-

T
V

ig. 5. Variation of the ohmic resistance with time during the preliminary long-term
tudy.

ge. Finally, the last small semicircle may  be related to some kind
f mass transfer limitations [36–39].  This semicircle appears for all
he MEAs prepared and it can be explained in terms of the large
mount of phosphoric acid contained in the membranes. Accord-
ng to Oono et al. [36], an excessive amount of phosphoric acid does
ot favour mass transfer processes. Oxygen transport in phospho-
ic acid is very limited [40]. However, this excess of phosphoric acid
ay  help to enlarge the three-phase-boundary, accounting for the

uperior performance of some of the MEAs and, concomitantly, the
lower ohmic resistance. For the purpose of this paper, attention
ill be mainly paid to the ohmic resistance and, to a lesser extent,

he total resistance.
The variation of the ohmic resistance with time is shown in

ig. 5. Polarization, total resistances, the ratio between the ohmic
esistance and total resistance, and the rate of increase of the polar-
zation resistance are given in Table 4. A linear increase in the ohmic
esistance with time can be observed in Fig. 5. The ohmic resistance
epresents around 30% of the total resistance, as can be seen from
he data in Table 4. Taking into account the values of the slopes for
he increase in the ohmic resistance (see Fig. 5: 0.191 m� cm2 h−1,
.234 m� cm2 h−1, 0.042 m� cm2 h−1 and 0.041 m� cm2 h−1 for
he standard PBI, the direct acid cast membrane, the sulphonated
BI membrane and the titanium composite membrane, respec-
ively) and the corresponding slopes for the rate of increase of the

olarization resistance (see Table 4), it can be concluded that the
rop in the fuel cell performance is due, to a great extent, to the
egradation of the electrode rather than to degradation of the mem-

able 4
alues of the resistance at different times for the different membranes prepared in this w

Sample Time (h) Polarization re
Rpol (� cm2)

PBI·11H3PO4 0 0.098 

49 0.162 

115  0.207 

PBI·10H3PO4
* 0 0.130 

68 0.200 

160  0.278 

sPBI·15H3PO4 (sulphonated membrane) 0 0.019 

70 0.032 

119 0.037 

PBI–TiO2·15H3PO4 (composite membrane) 0 0.024 

58 0.036 

103 0.036 

165 0.039 

* Direct acid casting with TFA.
Fig. 6. Acid retained by the membranes after the leaching test.

brane. This situation is especially visible in the case of TiO2-based
membrane.

The lowest increase in the ohmic resistance was  shown by the
sulphonated and composite PBI membranes, as can be verified
in Fig. 5. It has been reported for PBI-based PEM fuel cells that
the most likely mechanisms of membrane degradation involve the
attack of H2O2 and peroxyl radicals (·OH or ·OOH) along with acid
leaching [3,41].  It can therefore be suggested that the sulphonated
and titanium composite membranes degrade more slowly than the
standard PBI membranes studied in this work. In addition, these
PBI-modified membranes may  somehow contribute to decrease
the catalyst sintering, catalyst dissolution and/or the corrosion of
the carbon support, which are other primary causes of electrode
degradation in PBI-based membranes for high temperature PEM
fuel cells [3,41,42]. In the case of TiO2, the presence of this material
at the membrane–electrode interface (which provides the maxi-
mum contribution to the catalytic activity [18]) may  have a similar
effect to ZrO2, as reported by Liu et al. [43].

3.4. Leaching test

As discussed above, one of the factors that contributes to the
degradation of the PBI-based membranes is leaching of the doping
nological application of this kind of PEMFC. Several authors have
observed and measured the acid leaching of PBI-based membranes
during long-term tests [33,44], but in this work this loss was  not

ork.

sistance, Total resistance,
Rtot (� cm2)

R�/Rtot Rpol slope
(m� cm2 h−1)

0.222 0.347
0.300 0.290 0.933
0.372 0.267
0.249 0.334
0.343 0.292 0.916
0.468 0.258
0.147 0.321
0.175 0.287 0.158
0.184 0.284
0.137 0.335
0.165 0.294 0.082
0.170 0.296
0.206 0.255
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valuated. In order to gain an insight into the acid retention capabil-
ty of the new titanium composite membranes, leaching tests were
arried out on the different membranes prepared in this work.

The acid that remained on the membrane after the leaching
ests is represented in Fig. 6. The amount of acid remaining in the

embranes was calculated by subtracting the acid leached from
he membranes (data obtained from the washing water in which
he membranes were washed in order to remove the acid absorbed
nd measured by ICP) from the results in Table 1 (acid absorbed by
he membranes). It can be observed that the sulphonated PBI mem-
rane retained the most phosphoric acid and this was followed by
he titanium composite membrane. The standard PBI membrane
ost almost all of the doped acid. These results confirm the good
ehaviour of the titanium composite membrane and explain why
his type of membrane showed the best performance during the
urability test, thus making it an interesting composite material
or high temperature PEMFC.

. Conclusions

In this work, four different PBI-based membranes with high dop-
ng levels (>10 mol  H3PO4) were prepared. All of the membranes

ere cast from PBI with the same molecular weight and were tested
n a high temperature fuel cell.

The composite PBI-based membrane with TiO2 gave the best
erformance at the three different temperatures tested and also
howed the best stability under the operating conditions. Thus, it
as been demonstrated that the addition of TiO2 to PBI-based mem-
ranes has a positive effect because it leads not only to a higher
mount of phosphoric acid but also to enhanced acid retention,
hich is an important issue in this type of membrane.

Further work is currently underway in our laboratory aimed
t optimising the amount of titanium and to gain a better
nderstanding of composite PBI-based membranes using different
itanium-based compounds.
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