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ABSTRACT: In the present study, phosphoric acid
doped polybenzimidazole (PBI) membranes with potential
applications in high temperature PEM fuel cells were
investigated. PBI was synthesized by polycondensation of
3,30-diaminobenzidine and isophtalic acid in polyphos-
phoric acid. The formation of PBI was validated by H1-
NMR and elemental analysis. PBI membranes were pre-
pared by solution casting method and immersed in phos-
phoric acid in order to provide ionic conductivity. The
phosphoric acid doped membranes were used to prepare
membrane electrode assemblies (MEA) for PEMFC opera-
tion. Gas diffusion layer (GDL) spraying method was
used to prepare the electrodes. In order to determine op-
timum electrode structure, the effect of electrode prepara-
tion technique on fuel cell performances was studied.
Two methods were applied in which the binder differs in
the catalyst ink. In the first method, 5 wt % PBI solution
was used as the binder. In the second method, polyviny-

lidene fluoride (PVDF) was used in addition to PBI as the
binder in the catalyst ink. The MEA were tested in a sin-
gle cell operating at 100�C without need for humidifica-
tion of reactant gases. The observed maximum power
output was increased considerably from 0.015 to 0.072
W/cm2 at 150�C when the binder of the catalyst was
changed from PBI to PBI and PVDF mixture (PVDF : PBI
¼ 3 : 1). A single cell was operated up to 160�C and the
power outputs of 0.032 and 0.063 W/cm2 were obtained
at operating temperatures of 125 and 160�C, respectively.
The PVDF : PBI ratio was 1 : 3 in the catalyst ink at both
temperatures. VC 2012 Wiley Periodicals, Inc. J Appl Polym Sci
124: E267–E277, 2012
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INTRODUCTION

Fuel cells continue to attract significant attention in
recent years. They have lots of advantages compared
to the conventional systems that produce electricity.
Among the types of fuel cells, proton exchange
membrane fuel cell (PEMFC) technology has drawn
the most attention because of its simplicity, viability,
pollution-free operation, and quick start up.1 It is
also a serious candidate for automotive applications.
Generally, PEMFC operates between 60 and 80�C
due to thermal limitations of the polymer electrolyte
commonly used (i.e., Nafion).

However there are several advantages for opera-
tion at elevated temperatures in the range of 100–

200�C. These advantages are; faster chemical kinetics
at the electrode, simple thermal and water manage-
ment, and heat utilization.2 Another benefit of high
temperature operation is the reduced catalyst poison-
ing by impurities in the fuel, such as CO and CO2. This
poisoning effect has been shown to be very tempera-
ture-dependent and it is less pronounced with increas-
ing temperature. Therefore, recent studies are focused
on the development of polymer electrolyte membranes
for operation at temperatures above 100�C.3

Among various types of alternative high tempera-
ture polymer electrolyte membranes developed so
far, phosphoric acid doped polybenzimidazole (poly
[2,2-(m-phenylene)-5,5-bibenzimidazole]; PBI) was
reported as one of the most promising candidate, pos-
sessing high proton conductivity, high thermal stability,
and high fuel cell performance at temperatures up to
200�C.4,5 PBI is a fully aromatic heterocyclic polymer. It
has high chemical resistance and extremely high tem-
perature stability; thus it does not ignite up to 600�C. It
holds adequate mechanical stability in both dry and
hydrated state.6 It is synthesized by melt polycondensa-
tion7 and solution polymerization method.8 In solution
polymerization; the reaction temperature (170–200�C) is
lower and also temperature control is easier compared
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to melt polycondensation method due to the used reac-
tion solvent polyphosphoric acid (PPA).

The proton conductivity of pure PBI is low, but
acid doping increases the proton conductivity
remarkably, even in the anhydrous state.9 PBI mem-
brane can be doped with sulfuric acid, phosphoric
acid, perchloric acid, nitric acid, and hydrochloric
acid.10 Phosphoric acid forms 3D hydrogen bonding
network with PBI; therefore, it is the most promising
doping material.4 It has a high boiling point, there-
fore increases the thermal stability and proton con-
ductivity of the PBI membranes.11

Phosphoric acid doped PBI membrane is operated
in PEMFC without the need for humidification of
reactant gases.12 High doping level increases the pro-
ton conductivity of the PBI membrane, but decreases
its mechanical stability. This effect is more pro-
nounced at high temperatures.2 Therefore, the phos-
phoric acid doping level and the molecular weight of
PBI are the two critical parameters to be optimized.

There have been several reports of the synthesis of
PBI derivatives and their application for PEMFC.
Nevertheless, the research conducted so far has been
limited to membranes, and only a few studies of
electrode fabrication have been reported.13,14 To
enhance cell performance by an effective electrode
fabrication is very important. This article presents an
investigation of the effects of binding material in the
catalyst layer on single-cell performance.

PBI polymer was synthesized with different molec-
ular weight and membranes were prepared by solu-
tion casting and doped with phosphoric acid. Mem-

brane electrode assemblies (MEA) were prepared by
spraying on gas diffusion layer (GDL) by two meth-
ods in which the binder differs in the catalyst ink. The
surface morphology of the electrodes and the cross-
sections of the MEA were examined by scanning elec-
tron microscope (SEM) analysis. The performances of
the PBI membranes were tested in a single cell.

EXPERIMENTAL

Materials

The monomers 3,30-diaminobenzidine tetrahydro-
chloride (DAB.4HCl.2H2O, 98%) and isophtalic acid
(IPA, 99%) were obtained from Sigma-Aldrich)
(USA). PPA (115%) was obtained from Merck
(Germany) and it was used as received. N-N dime-
thylacetamide (CH3C(O)N(CH3)2 DMAc), sulfuric
acid (%98), and o-phosphoric acid (85%) were used as
received. All solvents used were high grade reagents.

PBI synthesis and membrane preparation

PBI polymers were synthesized by solution polymeriza-
tion method.2,15 The monomers are DAB.4HCl.2H2O
and IPA and the solvent is PPA. The polymerization
system consisted of a three necked flask with a mechan-
ical stirrer, nitrogen inlet, and a CaCl2 drying tube and
it was controlled by a programmable temperature con-
troller. The reaction scheme is given in Scheme 1.
PBI membranes were prepared by the solution cast-

ing method. PBI was dissolved in DMAc, and 3 wt %
of LiCl was used as a stabilizer. The concentration of

Scheme 1 Synthesis of PBI polymer.
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the PBI solution was selected 10 wt %. In literature, the
concentration of the PBI solution varies between 5 and
20 wt %. Below 5 wt %, the precipitation of polymer
chains of PBI is not sufficient to form compact and
complex helical structures for membrane formation;
and above 20 wt %, it becomes impossible to obtain a
homogeneous solution.16 The solution was mixed in an
ultrasonic bath at 80�C and also magnetically stirred.
The homogeneous solution was cast onto petri dishes.
The thickness and the size of the membranes were var-
ied by controlling the volume of the solution and the
diameter of the petri dishes. After casting, DMAc was
evaporated in a ventilated oven in a temperature range
from 80 to 120�C for 24 h. Finally, the membranes were
immersed into boiling deionized water for 5 h to
remove LiCl. A final drying step is applied at 190�C to
remove any traces of the solvent. The thickness of the
PBI membranes was controlled between 70 and 80 lm.

The PBI membranes were immersed into phosphoric
acid solutions with different concentrations (75–85%).
They were left at least 2 weeks in the acid. The weight
gain due to both water and phosphoric acid was esti-
mated by comparing the weight change before and after
the doping process. The acid is absorbed in the mem-
brane structure due to the strong interaction between
PBI and phosphoric acid. The acid doping level was
quantified by the number equal to the number of
absorbed phosphoric acid molecules per repeat unit of
PBI and calculated according to the following equation:

Acid doping level ¼ Weight difference

Initial weight

�Mw of PBI repeat unit

Mw of H3PO4
(1)

Polymer and membrane characterization

The H1-NMR spectra of PBI were recorded on a
Bruker (300 MHz) spectrometer with Dimethyl sulf-
oxide (DMSO-d6) as a solvent. The composition of
the elements (C, H, and N) in the PBI structure were
analyzed by elemental analysis (LECO, CHNS-932).

The molecular weight of the synthesized polymers
was determined by the Ubbelohde viscometer
method. Four solutions of 0.25, 0.5, 0.75, and 1 g/dL
PBI in 98% (wt) sulfuric acid were prepared. Efflux
times of all the solutions and the pure solvent were
measured at 30�C in an Ubbelohde viscometer. The
intrinsic viscosity, [g], is related with the weight-
averaged molecular weight, Mw, is given by the
Mark Houwink equation as follows;

g½ � ¼ K Mwð Þa (2)

where K, a are constants that depend on the temper-
ature, solvent type, and the type of the polymer.
K ¼ 1.94 � 10�4 and a ¼ 0.791.17

Thermal stability of the PBI membrane was exam-
ined for the temperature range of 25–700�C at a
heating rate of 10 �C/min under nitrogen atmos-
phere using a Thermal Analyzer (DuPont TA 951).
The X-ray powder diffraction (XRD) analysis was

performed using an X-ray diffractometer (Rigaku
D-MAX 2200, Japan) with CuKa (k ¼ 1.5406 Å) radi-
ation over the range 5� � 2y � 100�.
Mechanical strength of the phosphoric acid doped

and undoped membranes was measured with a ver-
tical film device (INSTRON 3367) with a constant
stretching speed of 5 mm/min at room temperature
with a relative humidity (RH) of 30%. A minimum
of five specimens was tested for each sample.

Membrane electrode assembly preparation

MEA were prepared by spraying catalyst ink on to
the GDL (31 BC, SGL Carbon, Germany).18 Firstly, the
catalyst ink that is composed of catalyst (20 wt %
Pt/C), solvent (DMAc) and the binder (PBI : polyvi-
nylidene fluoride (PVDF)) was prepared by mixing
the contents in an ultrasonic bath. The ink was
sprayed onto the GDLs until the required Pt loading
was attained (0.4 mg Pt/cm2 for both anode and
cathode sides). The catalyst loading was controlled
by weighing the GDLs at different times. After the
catalyst ink was sprayed onto the GDL, the electro-
des were kept in the oven at 190�C for 3 h to remove
any solvent traces. Finally, the electrodes were hot
pressed onto both sides of the phosphoric acid doped
PBI membrane (7 mol phosphoric acid molecules/
repeating unit of PBI) at 150�C and 172 N/cm2 for
10 min. In this study; two MEA preparation methods
were developed.
In the first method, 5 wt % PBI solution was

added to the catalyst ink as binder. After prepara-
tion, the electrode was impregnated with phosphoric
acid and the PBI in the catalytic later was doped to
enhance the ionic contact.11 In the second method,
PVDF was added to PBI and the mixture is used as
the binder in the catalyst ink. After preparation,
these electrodes were not doped with acid since
PVDF provides the ionic contact. MEA were pre-
pared from these electrodes by hot pressing them
onto both sides of the phosphoric acid doped PBI
membranes. The mechanical strength, electrical
properties, and temperature resistance properties of
the binders are given Table I.18,19 Phosphoric acid
doped PBI membrane is used for MEA preparation.

Surface morphology of the electrodes

The surface morphology of electrodes and cross-
sectional scans of the MEA were examined in
QUANTA 400F Field Emission Scanning Electrode
Microscope using both secondary electron (SE) and
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back-scattered electron (BSE) modes under similar
experimental conditions: same current of primary
beam scan rates, and pixel resolution. In order to
obtain high quality SEM images of the cross-section,
the MEA were broken immediately after dipping in
liquid nitrogen.

PEM fuel cell performance tests

The finished MEA with an active area of 5 cm2 were
tested in a fuel cell test station built at METU Fuel
Cell Technology Laboratory. A single PEM fuel cell
(Electrochem, FC05-01SP-REF) was used in the experi-
ments. The fabricated power of the cell was manipu-
lated by an electronic load (Dynaload_RBL488), which
can be controlled either manually or by the computer.
The current and voltage of the cell were monitored and
logged throughout the operation of the cell by the fuel
cell test software (FCPower v. 2.1.102 Fideris). The fab-
ricated MEA was placed in the test cell and the bolts
were tightened with a torque of 1.7 N m on each bolt.
In the test station, oxygen and hydrogen were used as
oxidant and fuel, respectively. The reactant gases were
fed to the fuel cell through Aalborg-171 mass flow con-
trollers at a rate of 0.1 slpm. Prior to entering the fuel
cell, the gases were transferred through the stainless
steel gas lines and heated with resistance heaters. Pro-
portional Integral Derivative (PID) temperature con-
trollers were used to operate the system at a required
temperature. The cell was operated at 0.5 V until it
came to steady state. After steady state was achieved,
starting with the open circuit voltage (OCV) value, the
current–voltage data were logged by changing the
load.

RESULTS AND DISCUSSION

Characterization of PBI polymer

The formation of PBI polymer was confirmed by the
H1-NMR spectra as shown in Figure 1. In Figure 1,
the imidazole proton peak was observed at 13.3 ppm,
and all the aromatic protons were at 7–10 ppm. The
composition of the C, H, and N in the PBI structure
was analyzed by elemental analysis. The theoretical
percentages of C, H, and N of the polymer are,
respectively, 77.92, 3.9, and 18.18 and the experimen-

tal results were 72.14, 4.5, and 17.66. The difference
belongs to experimental errors which are � 5%. It is
known that phosphoric acid-doped PBI is very hy-
groscopic. During the sample preparation and han-
dling for elemental analysis, the PBI absorbed water
from air.20 The residual percentage due to the oxy-
gen element in the structure is caused by absorbed
water throughout the analysis. This absorption justi-
fies the decrease of the C and N percentages and
also the increase of the H percentage of the experi-
mental result. The experimental percentages of C, H,
and N (on dry base) of the polymer are 77.92,
3.9, and 18.18, respectively. The elemental analysis on
dry base was performed for confirmation several
times and the same percentages values were obtained
for each experiment.
It is known that a higher molecular weight leads

to a higher mechanical strength and a better chemi-
cal stability for polymeric membranes.9–11,16 Thus, a
long lifetime of the PEMFC is related to the chemical
resistance to radicals HO� and HO2� generated dur-
ing the fuel cell operation (in the anode by the oxy-
gen permeated through the membrane and in the
cathode during the O2 reduction). Molecular weights
change due to the reaction conditions are shown in
Table II. The parameters that affect molecular weight
are reaction time and reaction temperature.

TABLE I
The Mechanical Strength, Electrical Properties, and Temperature Resistance Properties of the Binders

Binder
Tensile

strength (MPa) Elongation (%)
Dielectric constant

at 1 MHz
Thermal conductivity �
10�4 (cal/cm sec �C) Tg

a (�C) Td
b (�C)

PBI 96 20 4.20 9.64 400 720
PVDF 42.8 43 8.5 3.0 �35 390

a Glass transition temperature.
b Degradation temperature.

Figure 1 1H-NMR spectra of PBI polymer.
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Molecular weight decreases by decreasing the syn-
thesis temperature and also the reaction time. High
molecular weight is a required property for the poly-
mer, because increased acid doping levels are possi-
ble. But at high doping levels the mechanical
strength of the membrane became poor. A molecular
weight higher than 18,000 seems to be necessary for
sufficient conductivity and mechanical strength of
the membranes.21

Thus, it is important to work with a polymer with
an adequate molecular weight. By increasing the
temperature from 185�C to 200�C, molecular weight
was increased from 18,700 to 81,200. At a reaction
temperature of 200�C, the molecular weight
increased from 81,200 to 111,000 by increasing reac-
tion time from 18 to 24 h. A two-step solution poly-
merization (1st step at 170�C and 2nd step at 200�C)
has resulted in a PBI product with the highest mo-
lecular weight (118,500). The reproducibility analyses
of the molecular weight measurement were done
and 63% error was observed.

XRD analysis and thermal properties PBI
membranes

PBI has a semi-crystalline structure. The crystallinity
is observed by XRD analysis of H3PO4 doped and
undoped PBI membranes (Fig. 2). In the XRD spec-
tra of PBI membrane there is only a single broad
peak at about 25�. The peak at 25� corresponds to
the spacing between two parallel benzimidazole
chains. Wereta and Gehatia observed the parallel
stacking of the benzimidazole rings to the film surface
(parallel orientation).22 However, there is no peak cor-
responding to LiCl 2y ¼ 20.10� and 36.96� which dis-
appear with LiCl.23 When the membranes were doped
with the H3PO4, the residual crystalline order is com-
pletely destroyed. The films were more amorphous
for higher doping content. The observed spectra were
in agreement with the results of the literature.24

The thermal stability of undoped and doped PBI
membranes have been studied by thermogravimetric

analysis. As seen from Figure 3, for undoped PBI,
no weight loss occurs at temperature up to 400�C,
indicating the excellent stability of PBI polymer. For
the phosphoric acid doped PBI membrane, about
13% weight loss occurs at temperatures up to 400�C
due to the dehydration of doped phosphoric acid.
After this loss, the next dehydration step of the acid
is observed above 600�C. The final weight loss
around 800�C is assigned to the degradation of the
polymer main chain.25

Mechanical properties of doped and undoped
PBI membranes

PBI mechanical properties have been reported to be
highly dependent on the molecular weight.5 The me-
chanical strength of the pure PBI membranes is
determined by the hydrogen bonding between AN¼¼
and ANHA groups. When the membranes are
treated with phosphoric acid stronger hydrogen

TABLE II
The Effect of Synthesis Conditions on the Molecular

Weight and Intrinsic Viscosity of PBI Polymer Produced

Synthesis
No

Reaction
temperature

(�C)

Reaction
time,
(h)

Intrinsic
viscosity,
(dL/g)

Molecular
weight

1 170–200a 24 2.00 118,500
2 200 24 1.89 111,000
3 200 18 1.48 81,200
4 185 18 0.46 18,700

a Reaction was started at 170�C and continued at 170�C
for 4 h. Then the temperature was increased to 200�C at a
heating rate of 2 �C/min, and the reaction was continued
at 200�C for 20 h.

Figure 2 XRD spectra of (a) undoped and (b) H3PO4

doped PBI membranes.

Figure 3 TGA analysis of undoped and doped PBI
membranes.
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bonds between AN¼¼ and phosphoric acid molecules
are formed.21 Generally, the mechanical strength of
polymer membranes results from attractive forces
between polymer molecules. Among the forces
dipole–dipole interaction is mostly much stronger
than London forces and induction interactions. But,
when the molecular weight increases, London forces
and induction interactions become increasingly signif-
icant.26 Consequently, the higher molecular weighted
polymer has better mechanical strength.

The significant effect of molecular weight on
mechanical strength was observed by mechanical analy-
sis. Table III displays the variation of the mechanical
properties, measured from the stress at break for differ-
ent doping levels and molecular weights.

The membrane cast from the polymer with a molec-
ular weight of 18,700 has a stress at break value of
5.5 MPa, while the value is 33 MPa when the molecular
weight increased to 111,000 (both membranes were
doped with 7 molecules of H3PO4/repeating unit of
PBI). A negligible decrease was observed when molec-
ular weight decreased from 111,000 to 81,200.

When PBI membrane is doped with phosphoric
acid, at doping levels higher than 2, the addition of
free acids causes an important deterioration of its
mechanical properties.2 When phosphoric acid is intro-
duced in massive amounts in the membrane, free
acids get into the matrix and cause a volume swelling,
separation of the PBI polymer chains, with the conse-
quent reduction in the intermolecular forces.21

When the effect of the doping level is examined, it
can be seen that for the membrane cast from the
polymer with the highest molecular weight, the
stress at break value decreased from 33 MPa at a
doping level of 7–11 MPa at a doping level of 12.
When PBI is impregnated with phosphoric acid, it
undergoes an important deterioration of its mechani-
cal properties. As expected, when the doping level
increases, the stress at break decreases. When the
doping level was above 7 for a molecular weight of
18,700, the stress at break determination was
extremely difficult because of lower detection limit
of the device used. The reduction of the films

mechanical properties when impregnated with the
acid and their enhancement with the increase in the
molecular weight are clearly observed within this
study. Mechanical analysis results are in agreement
with literature.27–30

Surface morphology of the electrode and MEA

Both the surface morphology of the electrodes and
the cross-sectional scans of the MEA were examined
with a SEM. Top-view SEM images of the non-
doped electrode prepared by the 1st method with a
magnification of 100 and 50,000 are presented in
Figure 4(a,b), respectively. The mud crack morphol-
ogy for the electrodes can be seen from Figure 4(a).
In the 1st method, the catalyst ink is composed of
Pt, PBI, and DMAc. When the catalyst ink is applied
to the GDL at a temperature of 100�C, the surface is
dried to remove solvent and simultaneously create
the pore structure of the catalyst layer. The top of
the layer dries first and then the solvent vaporizes
from the lower regions break through the top, to
cause cracking. Seland et al. also report that the
mud crack morphology of undoped electrodes
appeared by spraying method.31 Due to this mud
cracked structure, substantial amount of catalyst is
being forced into the crevices when spraying the cat-
alyst layer. The catalyst that entered through the
crevices will not contribute to the cell performance.
Furthermore, cracks may increase the resistance in
the catalyst layer to electron and proton transport
during the fuel cell performances. Cracked areas
will then have higher heat losses that, in turn, may
increase the risk of membrane pinhole formation.32

The effect of the doping phosphoric acid on elec-
trode surface can be seen clearly from Figure 4(c,d).
Phosphoric acid covers all the surface of the elec-
trode and penetrates into the pores of electrodes.
Phosphoric acid covers the entire surface of the elec-
trode and blocks off the cracks. So, gases may not be
able to penetrate as deeply into catalyst and thus
decrease the fuel cell performance.
In the 2nd method, PVDF is added additionally to

the catalyst ink. Figure 4(e,f) shows the SEM images
of the electrode which is prepared by the 2nd
method as explained in the Experimental section. As
seen in Figure 4(e), the surface of the electrode does
not have any crevices; since the presence of PVDF
prevents the cracking of the surface. Park et al. have
reported similar results for PVDF using GDL prepa-
ration.33 Figure 4(f) shows the uniform porous struc-
ture of the electrode. Ionomer clusters are formed on
the electrode if carbon agglomerates are not well dis-
persed during the mixing stage or if too much ion-
omer is used in the ink. But there is no ionomer
cluster on the prepared electrode.

TABLE III
Stress at Break and Elongation Data of Phosphoric Acid

Doped PBI Membranes

Membrane
doping levela Mw

Stress at
breakb (MPa) Elongation (%)

7 18,700 5.5 12
7 81,200 31 91
7 111,000 33 424
9 111,000 16 284

12 111,000 11 219

a Molecules of H3PO4/repeating unit of PBI.
b Measurements performed at room temperature and

relative humidity.
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SEM images of cross-sections of the MEA exam-
ined before and after testing in PEM fuel cell in
backscattered modes are shown in Figure 5. Back-
scatter mode was preferred as the catalyst layer can
be seen easily since platinum shines up due to its
high atomic weight. Figure 5(a) shows the cross-
sectional view of the MEA before fuel cell testing. The
catalyst layer can be seen as narrow bright bands on
both sides of the membrane. The carbon support
layer can also be identified easily as the dark region

on the outside of the catalyst layer. The cross-section
of both catalyst layers indicates that Pt catalyst was
uniformly distributed. The interfaces between the
PBI membrane and the electrodes can be observed
in the image. No gaps between the membrane and
electrodes are observed. SEM images of the cross-
section of the respective MEA provide estimates of
the real thickness of the catalyst layer and also mem-
brane thickness. The overall thickness of the catalyst
layer and the membrane were measured using the

Figure 4 SEM images of non-doped electrode surface (prepared by Method 1); with a magnification of (a) 100�,
(b) 50,000�; H3PO4 doped electrode surface (prepared by Method 1) with a magnification of (c) 100�, (d) 50,000�; and
non-doped electrode (prepared by Method 2) with a magnification of (e) 100�, (f) 50,000�.
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SEM images [Fig. 5(a)] and found to be 20 and
70 lm, respectively. The membrane thickness was
measured using the SEM image with a difference of
6 5 lm which may be due to hot pressing. SEM
scans also show the reproducibility of the spraying
technique. Deformation on the catalyst layer and the
membrane cross-section are seen clearly in Figure
5(b,c), respectively. Catalyst layer deformations may
occur due to carbon corrosion which is prone to oxi-
dation in the presence of Pt.34 On the other hand, it
is known that the attack of HO� and HO2� radicals
produced by the incomplete reduction of oxygen on

the cathode side is the main factor for the oxidative
degradation of the PBI membrane.35

Fuel cell performances

Generally, the acid doping level is adjusted at 3.5–
7.5.28 In the present study, the doping level was
fixed at 7. To achieve the required phosphoric acid
doping level, it is advantageous to cast the mem-
brane from a PBI polymer with a high molecular
weight. Because in high molecular weight polymer,

Figure 5 SEM images of the cross-sections of the MEA prepared by Method 2: (a) unused MEA, (b) deformation
occurred on the catalyst layer after testing MEA in PEMFC, and (c) deformation occurred on the membrane layer after
testing MEA in PEMFC.
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the number of bonded phosphoric acid molecules is
more and free acids that reduces the mechanical
strength are less than the case of low molecular
weight. Throughout the study, the highest molecular
weights obtained are 118,500 and 111,000, but these
polymers had some difficulties in dissolution in
DMAc. So the membranes which are cast from poly-
mers with molecular weights of 81,200 were used
for performance analysis.

The MEA prepared were placed in the PEM fuel
cell with an active area of 5 cm2. The operating tem-
peratures of the cell and gas transfer lines were set to
the required values. Before feeding of reaction gases,
nitrogen was fed to the anode for 10–15 min to check
whether there is a leakage through the membrane.
After the nitrogen test, dry hydrogen and oxygen
gases were fed to the anode and cathode sides of the
cell, respectively, at a flow rate of 0.1 slpm. The effects
of the binder used in the catalyst ink and operating
temperature were studied throughout this study.

Effect of binder used in the catalyst ink
on PEMFC performance

The performance curves of the MEA prepared by
different binders are shown in Figure 6. The maxi-
mum power reached for the cell was 0.015 W/cm2

at 150�C for the phosphoric acid doped electrodes
(with MEA prepared by Method 1). The electrodes
were doped with phosphoric acid to make an ionic
contact between the membrane and electrodes. But
this type of electrodes has a mud crack morphology
which is explained in SEM analysis. Due to this
mud cracked structure, a substantial amount of cata-
lyst is being forced into the crevices when spraying
the catalyst layer and phosphoric acid deteriorates
the surface of the electrode since the surface is cov-
ered with the acid film that blocks the pores. When
Method 2 was applied to the MEA (PVDF : PBI ¼
3:1), maximum power reached for the cell was
increased considerably to 0.072 W/cm2 at 150�C.

In performance analysis, the effect of the PVDF
amount in the catalyst ink was also observed. The
maximum power reached for the cell constructed with
MEA prepared by Method 2 was 0.057, 0.061, and
0.072 W/cm2 for the ratio of PVDF to PBI changed
from 1 : 3 to 1 : 1 and 3 : 1, respectively. So it is clear
that PVDF in the catalyst ink has an effect to increase
the performance. Although the maximum power was
observed at a PVDF : PBI ratio of 3 : 1, OCV value
was decreased to 0.84 V, as shown in Figure 6. The
decrease of the OCV and low current performance are
caused by hydrogen crossover that causes the mixing
of the reactant species before they have had a chance
to participate in the electrochemical reaction.36

The influence of the PBI–H3PO4 loading in the cat-
alytic layer of the cathode (referred as C/PBI weight
ratio) on the fuel cell performance has been reported
by Lobato et al.37 A lower C/PBI weight ratio
(higher PBI loading) has reduced the electrochemi-
cally available active area, and also, the reduced po-
rosity of the electrode has limited the mass transfer
processes, leading to the inferior performance. They
have achieved the best results with a C/PBI weight
ratio of 20, for both the anode and the cathode. In the
present study, C/PBI ratio was fixed at 4, and this
parameter should be considered in future studies.

Effect of operating temperature
on PEMFC performance

The effect of temperature is very important for fuel
cell performances. In general, a higher cell tempera-
ture results in a higher cell potential for PBI mem-
branes. This is because of the fact that voltage losses
in operating fuel cells decrease with temperature.

Figure 6 PBI performance curves of electrodes prepared
by Method 1 and Method 2 at 150�C.

Figure 7 PBI performance curves of electrodes prepared
by Method 2 with a PVDF : PBI ratio of 1 : 3, for different
operating temperatures.
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Open circuit potential of the membrane was 1 V
which was quite acceptable for PEM fuel cells as
stated in the literature as 0.90 V,23 0.87 V,38 and
0.85 V.11 As seen from Figure 7, fuel cell has reached
to the maximum power outputs of 0.032 and 0.063
W/cm2 when the fuel cell operating temperatures were
at 125�C and 160�C, respectively, (MEA were prepared
by Method 2 with a PVDF : PBI ratio of 1 : 3). It can be
seen that the performance gets better at higher tempera-
tures due to the higher electrolyte conductivity and the
faster electrochemical reaction processes. Kongstein
et al. observed a nearly linear increase of power density
with increasing temperature, indicating the benefit of
high-temperature operation.11 For higher performance
of the PBI membranes; operation at higher temperatures
and also higher catalyst loadings of electrodes will be a
focus of our on-going studies.

Effect of membrane thickness on PEMFC
performance

The thickness of the membrane has also a serious
effect on the performance and the thickness of the
PBI membrane is varying from one research group
to the other.39–41 As it is seen from Figure 8, the sin-
gle-cell test presents a current density of 56 mA/cm2

and 43 mA/cm2 at a cell voltage of 0.6 V with mem-
brane thicknesses of 70 and 100 lm, respectively
(MEA were prepared by Method 2). The better per-
formances obtained with thinner membranes is an
expected result as the proton transfer from anode to
cathode gets easier as the membrane becomes thin-
ner. A thin membrane clearly enhances the perform-
ance at lower potentials while a thick membrane
would supposedly show better results at higher
potentials where the current density is low.

CONCLUSIONS

In the present work, PBI was successfully synthesized
by solution polymerization method. The molecular
weight of the polymer was controlled in the range of
18,700–118,500 by changing the synthesis conditions,
the reaction time, and temperature (185–200�C). H-
NMR and elemental analysis results validated that
the required polymer structure was obtained. As a
result of mechanical analysis it is clearly seen that the
mechanical strength of the PBI membrane increases
with increasing molecular weight of polymer. It is
also proved that phosphoric acid doping level is a
critical parameter for the mechanical characteristics
of the PBI membrane. The results showed that the
mechanical strength decreases by increasing doping
level due to volume swelling of the membrane
caused by acid doping. The technique developed
during the present work, to spray the catalyst ink
onto GDL, is an appropriate method for the prepa-
ration of the electrodes. It should be emphasized
that the binder of the catalyst is an important factor
to achieve adequate performance on PEM fuel cell.
The SEM scans showed the quality and reproduci-
bility of the spraying technique.
The PBI membrane-electrode assemblies were tested

in the fuel cell test station without the need for humidi-
fication of reactant gases. During the study, it was
achieved to operate the single cell up to 160�C. The
observed maximum power output was increased con-
siderably from 0.015 to 0.072 W/cm2 at 150�C when
the binder of the catalyst was changed from PBI to PBI
and PVDF mixture (PVDF : PBI ¼ 3 : 1). The maximum
power output reached for the cell increased two times
when the fuel cell operating temperature was
increased from 125�C to 160�C. The OCV values were
quite satisfactory which were around 1 V.
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