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a b s t r a c t

A series of sulfonated polybenzimidazoles (SPBIs) with varied ion exchange capacities (IECs) have
been synthesized by random condensation copolymerization of a new sulfonated dicarboxylic acid
monomer 4,6-bis(4-carboxyphenoxy)benzene-1,3-disulfonate (BCPOBDS-Na), 4,4′-dicarboxydiphenyl
ether (DCDPE) and 3,3′-diaminobenzidine (DAB) in Eaton’s reagent at 140 ◦C. Most of the SPBIs
show good solubility in polar aprotic organic solvents such as dimethylsulfoxide (DMSO) and N,N-
dimethylacetamide (DMAc). Thermogravimetric analysis (TGA) reveals that the SPBIs have excellent
thermal stability (desulfonation temperatures (on-set) > 370 ◦C). The SPBI membranes show good
mechanical properties of which tensile strength, elongation at break, and storage modulus are in the
embrane
hosphoric acid doping
roton conductivity
uel cell performance

range of 89–96 MPa, 12–42%, and 2.4–3.1 GPa, respectively. Moreover, the SPBI membranes exhibit phos-
phoric acid (PA) uptake in the range of 180–240% (w/w) in 85 wt% PA at 50 ◦C, while high mechanical
properties (13–20 MPa) are maintained. The SPBI membrane with 240% (w/w) PA uptake displays fairly
high proton conductivity (37.3 mS cm−1) at 0% relative humidity at 170 ◦C. The fuel cell fabricated with
the PA-doped SPBI membrane (PA uptake = 240% (w/w)) displays good performance with the highest
output power density of 0.58 W cm−2 at 170 ◦C with hydrogen–oxygen gases under ambient pressure

catio
without external humidifi

. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are one of
he most promising power sources for both mobile and station-
ry applications [1,2]. A proton exchange membrane (PEM) is one
f the key components of a PEMFC system, which functions as
he anode/cathode separator as well as the medium for proton
ransport from the anode to the cathode. Up to date, the state-of-
he-art PEMs are sulfonated perfluoropolymers, typically, Dupont’s
afion because of its excellent chemical and electrochemical sta-
ility and high proton conductivity. However, some disadvantages
uch as high cost, high fuel crossover and low operating tempera-
ures (<100 ◦C) seriously limited their industrial application. In the
ast decade, many efforts have been made to develop cost-effective
nd high performance non-fluorinated membranes as alternatives
uch as sulfonated polysulfone (SPSF) [3–6], sulfonated poly(ether

ther ketone)s (SPEEK) [7–10], sulfonated polyphenylene [7,11,12],
ulfonated polyimides (SPIs) [13–16] and sulfonated polybenzimi-
azoles (SPBIs) [17–27].

∗ Corresponding authors. Tel.: +86 21 54747504; fax: +86 21 54741297.
E-mail addresses: hjxu@sjtu.edu.cn (H. Xu), jhfang@sjtu.edu.cn (J. Fang).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.11.121
n.
© 2010 Elsevier B.V. All rights reserved.

Aromatic polybenzimidazoles (PBIs), known for their excellent
thermal and thermoxidative stability, high mechanical strength
and storage modulus, and outstanding chemical resistance, have
found important industrial applications. The cross-linked SPBI
membranes have been reported to have excellent radical oxida-
tive stability which is very favorable for improving fuel cell lifetime
[26]. Up to date, many kinds of SPBIs have been synthesized and
studied for possible use in fuel cells. However, compared with com-
mon sulfonated polymer membranes containing no basic units in
their chemical structures SPBIs generally show rather low proton
conductivity because the proton transport becomes relatively dif-
ficult resulting from the strong acid–base interactions between the
sulfonic acid groups and basic imidazole rings [24]. One mole imi-
dazole ring can react with one mole sulfonic acid group to form
ionic cross-linking. As the mole number of sulfonic acid groups is
less than that of imidazole ring, the proton conductivity is gener-
ally at the level of 10−4–10−3 S cm−1 even at 100% relative humidity
which is too low to meet the lowest requirement (10−2 S cm−1) for
practical use [24]. On the other hand, PBIs can be doped with a

number of acids such as sulfuric acid and phosphoric acid (PA).
It has been reported that the PA-doped PBIs displayed high pro-
ton conductivities even under anhydrous conditions which makes
them very suitable for use in medium temperature (120–200 ◦C)
fuel cells [28–37]. The proton conductivity is mainly determined by

dx.doi.org/10.1016/j.jpowsour.2010.11.121
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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he PA-doping level, and the higher doping level, the higher proton
onductivity. Recently Gomez-Romero et al. reported an interest-
ng phenomenon that the SPBI derived from 5-sulfoisophthalic
cid mono-sodium salt and 1,2,4,5-tetraaminobenzene displayed
igher proton conductivity than the non-sulfonated PBIs at the
ame doping level (number of PA molecules per imidazole ring).
his should be favorable for achieving high fuel cell perfor-
ance. However, the structure–property relationship of SPBIs

nd in particular, the fuel cell performance have far less been
nvestigated yet. In this study, a novel sulfonated dicarboxylic
cid monomer, disodium 4,6-bis(4-carboxyphenoxy)benzene-1,3-
isulfonate (BCPOBDS-Na), was synthesized via multistep reactions
nd a series of SPBIs with varied ion exchange capacities (IECs)
ere prepared via random copolymerization of BCPOBDS-Na,

,4′-dicarboxydiphenyl ether (DCDPE) and 3,3′-diaminobenzidine
DAB) in Eaton’s reagent. The thermal stability, mechanical prop-
rties, radical oxidative stability, PA-doping, proton conductivity
nd fuel cell performance of the SPBI membranes were also inves-
igated.

. Experimental

.1. Materials

3,3′-Diaminobenzidine (DAB), 4-fluorobenzonitrile, 1,3-
ihydroxybenzene and 4,4′-dicarboxydiphenyl ether (DCDPE)
ere purchased from Acros. Phosphorus pentoxide, methanesul-

onic acid, dimethylsulfoxide (DMSO), 1-methylpyrrolidone (NMP),
,N-dimethylformamide (DMF) and N,N-dimethylacetamide

DMAc) were purchased from Sinopharm Chemical Reagent Co.,
td. (SCRC). Eaton’s reagent was prepared by dissolving phospho-
us pentoxide in methanesulfonic acid at a weight ratio of 1:10.
MSO, NMP, DMAc and DMF were dried over 4A molecular sieves
rior to use. Other materials were used as received.

.2. Synthesis of 1,3-bis(4-cyanophenoxy)benzene (mBCNPOB)

To a 150 mL dry three-necked flask equipped with a nitrogen
nlet and an outlet, a dropping funnel, a Dean-Stark trap and a
ondenser were added 5.51 g (50 mmol) of 1,3-dihydroxybenzene,
3.81 g (100 mmol) of K2CO3 and 60 mL DMAc. The reaction mix-
ure was magnetically stirred at room temperature for 2 h and
hen heated at 140 ◦C for 5 h. 20 mL toluene in the dropping fun-
el was added to remove any water by forming toluene–water
zeotrope which was collected in the Dean-Stark trap. The reac-
ion mixture was allowed to cool to room temperature and then
2.11 g (100 mmol) of 4-fluorobenzonitrile was introduced, and
he mixture was further heated at 160 ◦C for 24 h. After cooling to
oom temperature, the reaction mixture was poured into deionized
ater with stirring. The resulting brown precipitate was filtered off,
ashed with deionized water and dried at 70 ◦C for 20 h in vacuum.

4.51 g (yield: 93%) of brownish product was obtained, mp (by dif-
erential scanning calorimetry (DSC)): 122 ◦C. 1H NMR (DMSO–d6,
pm): 6.79 (s, 1H), 6.92 (d, 2H), 7.05 (d, 4H), 7.42 (t, 1H), 7.64 (d, 4H).
3C NMR (DMSO–d6, ppm): 106.24, 112.81, 117.18, 119.12, 119.31,
32.56, 135.38, 156.69 and 161.20.

.3. Synthesis of 1,3-bis(4-carboxyphenoxy)benzene (mBCPOB)

To a 500 mL dry three-necked flask equipped with a nitrogen
nlet and an outlet and a condenser were added 8.11 g (26 mmol)

f mBCNPOB, 7.28 g (130 mmol) of KOH and 195 mL glycol. The
eaction mixture was magnetically stirred and heated at 180 ◦C for
4 h followed by vacuum distillation to remove the solvent gly-
ol. The solid product was dissolved in deionized water and then
cidified with concentrated hydrochloric acid till the pH = 1. The
urces 196 (2011) 3039–3047

white precipitate was collected by filtration, thoroughly washed
with deionized water and dried in vacuum at 120 ◦C for 20 h. 7.55 g
(yield: 83%) of white product was obtained, mp (by DSC): 300 ◦C.
1H NMR (DMSO–d6, ppm): 6.85 (s, 1H), 6.94 (d, 2H), 7.08 (d, 4H),
7.48 (t, 1H), 7.94 (d, 4H), 12.80 (s, 1H). 13C NMR (DMSO–d6, ppm):
112.01, 116.24, 118.32, 126.38, 132.29, 132.27, 157.34, 161.01 and
167.35.

2.4. Synthesis of disodium 4,6-bis(4-carboxyphenoxy)
benzene-1,3-disulfonate (BCPOBDS-Na)

To a 150 mL dry flask were added 7.00 g (20 mmol) mBCPOB and
80 mL concentrated sulfuric acid. The reaction mixture was mag-
netically stirred and heated at 80 ◦C for 24 h. After cooling to room
temperature, the mixture was carefully poured into 300 g crushed
ice, and then 62 g of sodium chloride was added to salt out the
product. The resulting precipitate was filtered off, washed with
saturated sodium chloride solution and dried at 100 ◦C for 20 h in
vacuum. The crude product was added to 200 mL DMSO and the
mixture was magnetically stirred at room temperature for 2 h. The
insoluble part was filtered off and the filtrate was distilled under
reduced pressure. The solid product was thoroughly washed with
acetone and then dried at 120 ◦C for 20 h in vacuum. 7.09 g (yield:
64%) white product was obtained. MS: m/z = 553.0 (M−H+), 531.0
(M−Na+), 418.9 (M−2Na+ –2COO·).

2.5. Preparation of sulfonated copolybenzimidazoles (SPBI-xy, x
and y refer to the molar ratio of BCPOBDS-Na to DCDPE)

A typical procedure is described as follows using the copolymer
SPBI-11 as an example.

To a 150 mL dry three-necked flask were added 0.8561 g
(4 mmol) DAB, 0.5162 g (2 mmol) DCDPE, 1.1088 g (2 mmol)
BCPOBDS-Na and 20 mL Eaton’s reagent under nitrogen flow. The
reaction mixture was magnetically stirred and heated at 80 ◦C for
2 h and 140 ◦C for 45 min. After cooling to ∼80 ◦C, the highly vis-
cous solution mixture was poured into ice water with stirring. The
resulting yellowish fiber-like polymer was filtered off and soaked
in 5 wt% NaHCO3 solution at room temperature for 48 h. The solid
polymer was collected by filtration, thoroughly washed with deion-
ized water and dried at 120 ◦C for 24 h under vacuum.

2.6. Membrane formation and proton exchange

The prepared SPBIs in their sodium salt form were dissolved in
DMSO to give 2–4% (w/v) solutions. The solutions were cast onto
glass plates and dried at 80 ◦C for 20 h in an air oven. The as-cast
membranes were peeled off and subsequently immersed into hot
methanol for 5 h to remove any residual solvent.

Proton exchange treatment was performed by immersing the
SPBI membranes in 1 M sulfuric acid solution at 60 ◦C for two days.
The membranes were taken out, thoroughly rinsed with deionized
water till the rinsed water became neutral, and dried in a vacuum
oven at 120 ◦C for 20 h.

2.7. Measurements

FT-IR spectra were recorded on a Perkin-Elmer Paragon 1000PC
spectrometer. 1H NMR and 13C NMR spectra were recorded on
a Varian Mercury Plus 400 MHz instrument. Mass spectrum (MS)
were recorded with an Agilent 1100 LC/MSD instrument. Reduced

viscosity (�) was measured in DMSO at a polymer concentration
of 0.5 g dL−1 with an Ubbelohde viscometer at 30 ◦C. Differential
scanning calorimetry (DSC) was measured in N2 on a DSC 6200
instrument at a heating rate of 10 ◦C min−1 from room tempera-
ture to 400 ◦C. Thermogravimetric analysis (TGA) was performed
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Scheme 1. Synthesis of the sulfonate

n air with a TGA2050 instrument. Prior to measurement, all the
amples were preheated at 150 ◦C for half an hour to remove the
bsorbed moisture. Subsequently the samples were cooled to 50 ◦C
nd then reheated to 800 ◦C at a heating rate of 10 ◦C min−1. Tensile
easurements were carried out with an Instron 4456 instrument at

oom temperature and 40% relative humidity at a crosshead speed
f 5 mm min−1. For each kind of membrane, three samples were
sed for the measurements and the tensile stress and the elonga-
ion at break was estimated by the averaged values of the three
amples. Dynamic mechanical analysis (DMA) was measured on a
800 DMA apparatus (TA Instruments, USA) in tension mode under
itrogen atmosphere at a frequency of 1.0 Hz in temperature range
f 50–400 ◦C at a heating rate of 10 ◦C min−1. The samples were
0 mm long, 8 mm wide and 30–40 �m thick.

Ion exchange capacity (IEC) was measured by titration method.
he samples were immersed in 1.0 M NaCl solution at 40 ◦C for three
ays. After that, the samples were not taken out and the NaCl solu-
ion was directly titrated with 0.01 M NaOH using phenolphthalein
s pH indicator.

The radical oxidation stability of the membranes was deter-
ined by Fenton’s test. The completely dried samples were soaked

n the Fenton’s reagent (3% H2O2 containing 3 ppm FeSO4) at 80 ◦C
or 12 h. The remaining weight (RW) of the samples after Fenton’s
est was used to evaluate the radical oxidation stability of the mem-
ranes.

Phosphoric acid uptake (SPA) of the SPBI membranes was mea-
ured by immersing the dry membranes in 85% phosphoric acid
olution at 50 ◦C for four days. Then the membranes were taken out,
iped with tissue paper, and dried at 110 ◦C for 24 h in vacuum. SPA
as calculated according to the following equation:

PA = W1 − W0

W0
× 100 (1)

here W0 and W1 refer to the weight of the dry undoped membrane
nd the dry doped membrane, respectively.

Proton conductivity was measured using a two-probe electro-
hemical impedance spectroscopy technique over the frequency
ange from 100 to 100 kHz. A sheet of PA-doped membrane and
pair of platinum electrode was set in a Teflon cell. The cell was
laced in a thermo-controlled chamber, which had an inlet and an
utlet for continuous nitrogen flow. Before starting the conductiv-
ty measurement, the chamber was heated at 150 ◦C for one day to
emove any water vapor so that the relative humidity could reach
%. After that, the temperatures of chamber was set at desired val-
es and kept constant for 1 h at each point. The resistance value was
etermined from high-frequency intercept of the impedance with

he real axis. Proton conductivity was calculated from the following
quation:

= d

twR
(2)
rboxylic acid monomer BCPOBDS-Na.

where d is the distance between the two electrodes, t and w are
the thickness and width of the membrane, and R is the resistance
measured.

2.8. Membrane electrode assembly (MEA) fabrication and fuel
cell test conditions

The 40 wt% Pt/C (Johnson Matthey) was homogeneously dis-
persed in 4 wt% PBI solution in DMAc by ultrasonic treatment.
The resulting catalyst ink was sprayed onto carbon cloth-based
gas diffusion layers (LT 1200-W, 370 �m thick, 27 wt% PTFE, BASF
fuel cell) with an airbrush followed by drying at 190 ◦C for 3 h in
vacuum to remove the residual solvent (DMAc). The Pt loading
was controlled at 0.5 mg cm−2 and the weight ratio of Pt/C to PBI
was 19:1. The prepared gas diffusion electrodes were immersed
in a 15 wt% H3PO4/ethanol solution for 10 min at room temper-
ature and then they were taken out and dried at 60 ◦C for 1 h.
The gas diffusion electrodes thus obtained were used as both the
anode and the cathode. The MEA was prepared by hot pressing an
electrode/membrane/electrode sandwich at 150 ◦C at 0.13 MPa for
10 min. The MEA with an active area of 5 cm2 was assembled into a
single cell testing fixture (FC05-MP, ElectroChem). Gases were fed
to the single cell at a flow rate of 100 mL min−1 for H2, 300 mL min−1

for O2 and 1000 mL min−1 for air without any external humidifica-
tion. All the performance data were collected under atmosphere
pressure without back pressure detected. Current–voltage curves
were measured with a DC electronic load (IT8514F) and recorded
by the constant current mode at a scan rate of 400 mA min−1.

Electrochemical impedance spectroscopy (EIS) was performed
at the open circuit voltage (OCV). The frequency was in the range
from 100 kHz to 100 MHz and the potential amplitude was 10 mV.
Data were collected using a computer-controlled CHI 604B poten-
tiostat (Chenhua, Shanghai).

3. Results and discussion

3.1. Synthesis of BCPOBDS-Na

As shown in Scheme 1, a novel sulfonated dicarboxylic
acid monomer, BCPOBDS-Na, was synthesized via three-step
reactions. In the first step, 4-fluorobenzonitrile reacted with 1,3-
dihydroxybenzene to form the intermediate product mBCNPOB at
a high yield of 93%. Next, mBCNPOB was hydrolyzed under basic
condition in glycol to give the dicarboxylic acid product mBCPOB
at a yield of 83%. Finally, mBCPOB was sulfonated to produce the
sulfonated dicarboxylic acid monomer, BCPOBDS-Na, using 95%

sulfuric acid as the sulfonating reagent. The chemical structures
of the synthesized sulfonated dicarboxylic acid monomer as well
as the intermediate products were characterized by FT-IR, 1H NMR
and 13C NMR spectra. Fig. 1 shows the FT-IR spectra of mBCNPOB,
mBCPOB and BCPOBDS-Na. In Fig. 1(a), the absorption band at
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the proposed chemical structures.
Fig. 1. FT-IR spectra of (a) mBCNPOB, (b) mBCPOB and (c) BCPOBDS-Na.

230 cm−1 is assigned to –C N stretching vibration of mBCNPOB.
his band completely disappeared in Fig. 1(b) and a new absorp-
ion band at 1694 cm−1 which is attributed to the carboxyl carbonyl
roups appeared. This indicates that the –C N groups have been
ompletely hydrolyzed to carboxyl groups. In Fig. 1(c), the absorp-
ion bands at 1072 and 1034 cm−1 are assigned to the symmetric
nd asymmetric stretching of the sulfonic acid groups indicat-
ng that success of the sulfonation reaction. The extremely broad
bsorption bands in the range of 3500–2500 cm−1 in Fig. 1(b) and
c) are the characteristic bands of the hydroxyl groups of carboxyl
r sulfonic acid groups and the water absorbed in the samples.
he 1H NMR and 13C NMR spectra of BCPOBDS-Na are shown in
igs. 2 and 3, respectively. The peak assignments are just consis-
ent with the chemical structure indicating that BCPOBDS-Na has
een successfully synthesized.

.2. Synthesis, solubility and viscosity of SPBIs
A series of sulfonated copolybenzimidazoles with varied IECs
ere prepared by random copolymerization of BCPOBDS-Na,
CDPE and DAB in Eaton’s reagent at 140 ◦C for 45 min (Scheme 2).

Fig. 2. 1H NMR spectrum of BC

Fig. 3. 13C NMR spectrum of BC
Fig. 4. FT-IR spectra of the synthesized polymers: (a) SPBI-11, (b) SPBI-12, (c) SPBI-
13, (d) SPBI-14, (e) SPBI-21 and (f) SPBI-31.

The IECs was controlled by controlling the molar ratio between
BCPOBDS-Na and DCDPE. The high molecular weight homopoly-
mer could not be prepared from BCPOBDS-Na and DAB because of
its poor solubility in the reaction medium (gel-like product formed
during the polymerization process).

The FT-IR spectra of the synthesized SPBIs in their sodium
salt form are shown in Fig. 4. The characteristic absorption bands
of imidazole rings at 3440 cm−1 (stretching of non-hydrogen-
bonded N–H), 3220 cm−1 (stretching of hydrogen-bonded N–H),
1634 cm−1 (C N stretching) and 1480 cm−1 (in-plane deformation
of imidazole rings) are clearly observed, while the characteristic
absorption band of carboxyl carbonyl groups of the dicarboxylic
acid monomers at 1694 cm−1 completely disappeared. This indi-
cates the complete formation of imidazole rings [38]. The chemical
structure of the synthesized SPBIs was also confirmed by 1H NMR
spectra (Fig. 5). The peak assignments are in good agreement with
The solubility behaviors and the reduced viscosities of the syn-
thesized SPBIs (in their sodium salt form) are summarized in
Table 1. It can be seen that the solubility in aprotic organic sol-
vents is dependent on the IECs of the SPBIs, and the higher IEC,

POBDS-Na in DMSO–d6.

POBDS-Na in DMSO–d6.
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ig. 5. 1H NMR spectra of the synthesized SPBIs: (a) SPBI-11, (b) SPBI-12, (c) SPBI-13
nd (d) SPBI-14).

he poorer solubility. For example, the SPBI-31 having the highest
EC among the copolymers of this study is only partially soluble in

protic organic solvents (DMSO, DMF, DMAc and NMP) and strong
cids on heating, whereas the SPBI-14 is soluble in all the aprotic
olvents and strong acids at room temperature. In addition, all the
PBIs are completely insoluble in methanol.

able 1
olubility and reduced viscosities (�) of the synthesized SPBIs.

Polymer �a (dL g−1) Solubility

DMSO DMF DMAc

SPBI-31 NM +− +− +−
SPBI-21 NM +− +− +−
SPBI-11 6.81 + +− +
SPBI-12 8.27 ++ + +
SPBI-13 7.70 ++ ++ ++
SPBI-14 6.56 ++ ++ ++

eys: “++”: soluble at room temperature; “+”: soluble on heating; “+−”: partially soluble on
f the polymers in DMSO.
a Measured in DMSO at 0.5 g dL−1 and 30 ◦C.

OO COOHHOOC + HOOCxn yn

OO

H
N

N

NaO3S SO3Na

1. Eaton's reagent,
140 oC

NaO3S SO3Na

BCPOBDS-Na

SPBI-31: x = 3, y = 1; SPBI-21: x =

SPBI - 12: x = 1, y = 2; SPBI-13: x =

H
N

N

Scheme 2. Synthesi
Fig. 6. TGA curves of the SPBIs (in their proton form) in air.

The reduced viscosities of the SPBIs except SPBI-31 and SPBI-21
were measured at a concentration of 0.5 g dL−1 in DMSO at 30 ◦C.
As shown in Table 1, all the SPBIs displayed very high reduced
viscosities (>6.5 dL g−1). Moreover, transparent and tough mem-
branes were prepared by solution cast method indicating that high
molecular weight copolymers have been successfully synthesized.

3.3. Thermal stability and dynamic mechanical properties

The thermal stability of the SPBIs in their proton form was
evaluated by TGA in air. Prior to measurement the samples were

preheated at 150 ◦C for 0.5 h to remove the absorbed moisture. As
shown in Fig. 6, all the samples displayed a two-stage weight loss
behavior. The first stage weight loss approximately in the range of
370–480 ◦C is ascribed to the desulfonation reaction [24–26]. The

NMP H2SO4 MeSO3H Methanol

+− +− +− −−
+− +− +− −−
+− ++ ++ −−
+ ++ ++ −−
+ ++ ++ −−
+ ++ ++ −−

heating; “−−”: insoluble on heating. NM: not measured because of poor solubility

O COOH+
NH2
NH2

H2N

H2N
(x+y)n

H
N

N
O

x y

DCDPE DAB

2, y = 1; SPBI-11: x = 1, y = 1

1, y = 3; SPBI-14: x = 1, y = 4

2. NaHCO3

H
N

N n

s of the SPBIs.
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Table 2
Ion exchange capacities (IECs), glass transition temperature (Tg), maximum storage
moduli (E′s) and remaining weight (RW) after Fenton’s test of the SPI membranes.

Polymer IEC (mequiv g−1) Tg (◦C) E′ (MPa) RWa (%)

Theoretical Measuredb

SPBI-11 1.90 1.62 312 3100 58
SPBI-12 1.37 1.07 303 2800 84
SPBI-13 1.08 0.91 301 2500 85
SPBI-14 0.89 0.76 299 2400 86

the largest stress at break (20 MPa). This is likely related to the

T
P

–

Fig. 7. DMA curves of the SPBI membranes in nitrogen.

alues of weight loss in this stage are close to the theoretical val-
es of sulfonic acid group contents in the polymers. The SPBI-11,
or example, had a first stage weight loss of 14.5% which is close to
he calculated value (15.3%). The decomposition temperature of the
PBIs is high enough for the applications in medium temperature
120–200 ◦C) fuel cells. The second-stage weight loss starting from
480 ◦C is attributed to the decomposition of the polymer main

hain. The TGA results indicate that the prepared SPBIs have fairly
igh thermal stability which well meets the requirement for use in

uel cells.
The dynamic mechanical properties of the SPBIs membranes

ere investigated by DMA and the curves are shown in Fig. 7. For
ll the membranes the storage modulus primarily increased with
n increase in temperature up to ∼150 ◦C due to the evaporation
f the absorbed water which functioned as plasticizer in the mem-
ranes. The maximum storage moduli of the SPBI membranes are in
he order: SPBI-11 > SPBI-12 > SPBI-13 > SPBI-14, which is just con-
istent with the order of IEC. The strong acid–base interactions
ionic cross-linking) restricted polymer chain movement. Higher
ECs resulted in larger cross-linking densities of the membranes
nd therefore higher storage moduli were obtained. The glass tran-
ition temperature (Tg) was estimated from the peaks of tangent
elta and the results are listed in Table 2. All the SPBIs displayed
ery high Tg (299–312 ◦C) due to ionic cross-linking as well as the
igid polymer backbones. Moreover, the SPBIs with higher IECs tend
o have higher Tg due to the larger cross-linking densities.

The radical oxidative stability of the SPBIs was evaluated by the
emaining weight after they were soaked in Fenton’s reagent (3%
2O2 containing 3 ppm FeSO4) at 80 ◦C for 12 h and the results
re listed in Table 2. The SPBI-12, SPBI-13 and SPBI-14 showed

ore than 80% remaining weight after the Fenton’s test. The SPBI-

1 membrane showed significantly lower remaining weight (58%)
han the others but could still keep membrane form. It should be
oted that common sulfonated hydrocarbon polymers have been

able 3
hosphoric acid (PA) uptake, maximum stress (MS), elongation at break (EB) and proton

Membrane PA uptake (%w/w) ϕ MSa

SPBI-11 240 13 96(2
SPBI-12 220 11 96(1
SPBI-13 190 9.1 93(1
SPBI-14 180 8.1 89(1
PBI 190–210 6.0–6.6 (13–
CrL-PBI – 8.5 (21–

, not available from the literature.
a Measured at room temperature and 40% relative humidity. The data in parentheses re
a Measured by soaking the membranes in Fenton’s reagent (3% H2O2 containing
3 ppm FeSO4) at 80 ◦C for 12 h.

b By titration method.

reported to completely dissolve in the Fenton’s reagent in a very
short period of time (a few hours) at the same temperature [6,8,16].
The results of the Fenton’s test in this study indicate that the syn-
thesized SPBIs have excellent radical oxidative stability.

3.4. PA doping, tensile properties and proton conductivity

The PA doping was performed by immersing the SPBI mem-
branes (acid form) in 85% PA solution at 50 ◦C for four days and
the PA uptake results are listed in Table 3. The SPBI membranes
showed PA uptake in the range of 180–240% (w/w) corresponding
to the doping levels ϕ (defined as the number of PA molecules per
repeat unit) of 8.3–13. The PA uptake is also related to the IECs and
the membranes with higher IECs tend to have higher PA uptake
as has been observed with the sulfonated poly(2,5-benzimidazole)
(ABPBI) [27].

The tensile properties of the SPBI membranes with and with-
out PA-doping were measured and the results are listed in Table 3.
It can be seen that after PA-doping the SPBI membranes showed
largely decreased stress at break but greatly increased elonga-
tion at break due to the plasticization effect of PA. It is well
known that the mechanical strength of PA-doped polybenzimida-
zole membranes is mainly dependent on the PA uptake (doping
level) and the higher PA uptake, the lower mechanical strength.
Polymer molecular weight is another factor which affects the
mechanical strength. At the same doping level, the high molecular
weight (105.1 kDa) PBI has been reported to have higher mechan-
ical strength than the lower molecular weight (38.4 kDa) PBI [37].
In this study, the undoped SPBI-11, SPBI-12, SPBI-13 and SPBI-14
membranes showed close stress at break (89–96 MPa). Since they
are structurally similar to each other, these SPBIs might have sim-
ilar molecular weights. However, the PA-doped SPBI-11, SPBI-12
and SPBI-13 displayed even higher stress at break than SPBI-14
despite the larger PA uptake values of the former. The SPBI-11
membrane having the highest PA uptake (240%, w/w) displayed
differences in ionic cross-linking density of the SPBI membranes.
Because sulfonic acid is more acidic than phosphoric acid the sul-
fonic acid groups of the SPBIs should preferentially react with the
basic benzimidazole groups to form ionic cross-linking. The SPBI

conductivity (�) of PA-doped membrane at 170 ◦C at 0% relative humidity.

(MPa) EBa (%) � (mS cm−1) Ref.

0) 17(92) 37.3 This study
5) 12(144) 18.8 This study
7) 22(129) 10.7 This study
3) 29(90) 3.63 This study
14) (–) 18–22 37
23) (20–28) – 32

fer to the phosphoric acid-doped membranes.
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ig. 8. Variation of proton conductivity of the SPBI membranes as a function of
emperature at 0% relative humidity in cooling run.

embranes with higher IECs have higher ionic cross-linking den-
ities which may contribute to the improvements in mechanical
trength of the PA-doped SPBI membranes. It should be noted that
he values of stress at break of the PA-doped SPBI membranes
xcept SPBI-14 were comparable or higher than that of the PA-
oped high molecular weight PBI membrane with similar PA uptake
37]. The PA-doped SPBI-11 membrane displayed comparable ten-
ile strength and significantly larger elongation at break than the
ross-linked commercial PBI membrane [32] despite the higher PA
oping level.

The proton conductivities of the PA-doped SPBI membranes
ere measured at 0% relative humidity and different temperatures

90–170 ◦C) and the results are shown in Fig. 8. It can be seen that
or all the SPBI membranes the proton conductivity increased with
ncreasing temperature. Moreover, the membranes with higher
A-doping levels tend to have higher proton conductivities in the
hole temperature range. The SPBI-11 membrane showed the
ighest proton conductivity (37.3 mS cm−1 at 170 ◦C) due to the
ighest doping level.

To check if there was any hysteresis of the proton conduc-

ivities, we measured the proton conductivity in both heating
un and cooling run with the same sample membranes. Fig. 9
hows the comparison of the temperature dependence of pro-
on conductivities of SPBI-11 membrane measured first in the
ooling run (from 170 to 90 ◦C) and subsequently in the heat-

ig. 9. Variation of proton conductivity of the SPBI-11 membranes as a function of
emperature at 0% relative humidity measured first in cooling run and subsequently
n heating run.
Fig. 10. Performance of the fuel cell fabricated with the PA-doped SPBI-11 mem-
brane (PA uptake = 240%, w/w) at varied temperatures with hydrogen–oxygen gases
under ambient pressure without external humidification.

ing run (from 90 to 170 ◦C). The proton conductivities at each
temperature point obtained by heating run and cooling run
are quite similar indicating that the hysteresis phenomenon is
negligible.

3.5. Single-cell fuel cell performance

The PA-doped SPBI-11 membrane with the PA uptake of 240%
(w/w) and membrane thickness of 50 �m was used as the proton
exchange membrane. 40% Pt/C and PBI were used as the catalyst
and binder, respectively. The Pt loading in both the anode and
the cathode was 0.5 mg cm−2. Preliminary fuel cell performance
was evaluated with both hydrogen–oxygen and hydrogen–air gases
under ambient pressure without external humidification. Fig. 10
shows the variation of fuel cell performance as a function of tem-
perature with hydrogen–oxygen gases. It can be seen that with
an increase in temperature the maximum output power density
of the fuel cell increased. This is consistent with the tempera-
ture dependence of proton conductivity as shown in Fig. 8. The
fast electrochemical reaction kinetics is another factor responsible
for the improved fuel cell performance at elevated tempera-
tures. The highest output power density of 0.58 W cm−2 was
obtained at the current density of 1.68 A cm−2 at 170 ◦C with
hydrogen–oxygen gases indicating good performance of the fuel
cell. The fuel cell performance became significantly lower with
hydrogen–air gases. Fig. 11 shows the fuel cell performance with
hydrogen–air gases at 170 ◦C. For comparison purpose the fuel
cell performance with hydrogen–oxygen gases at 170 ◦C is also
shown in this figure. The OCV is 0.75 V and the maximum output
power density is 0.32 W cm−2 (at the current density of 1.0 A cm−2)
with hydrogen–air gases which are significantly lower than those
(0.80 V and 0.58 W cm−2) with hydrogen–oxygen gases. This is
a common phenomenon which has been observed with all the
PEMFCs. It should be noted that the fuel cell performance in this
study is comparable or significantly higher than those using other
PA-doped polybenzimidazole membranes as the proton exchange
membranes at similar Pt-loading level as reported in the liter-
ature (maximum output power densities: 0.6 W cm−2 at 180 ◦C

with 1.0 mg cm−2 Pt loading [25], 0.28 W cm−2 at 160 ◦C with
0.5 mg cm−2 Pt loading [33], 0.6 W cm−2 at 160 ◦C with 1.0 mg cm−2

Pt loading [36], 0.32 W cm−2 at 125 ◦C with 0.5 mg cm−2 Pt loading
[37]).
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Fig. 11. A comparison of performance of the fuel cell fabricated with the PA-doped
SPBI-11 membrane (PA uptake = 240%, w/w) at 170 ◦C with hydrogen–oxygen and
hydrogen–air gases under ambient pressure without external humidification.
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ig. 12. EIS curves with the PA-doped SPBI-11 membrane measured at OCV at 170 ◦C
ith both hydrogen–oxygen and hydrogen–air gases under ambient pressure with-

ut external humidification.

Fig. 12 shows the EIS curves with the PA-doped SPBI-11 mem-
rane measured at OCV at 170 ◦C with both hydrogen–oxygen
nd hydrogen–air gases under ambient pressure without exter-
al humidification. It can be seen that in each case the membrane
esistance is the same (0.035 �), whereas the reaction resistance
t electrode/electrolyte interfaces with hydrogen–oxygen gases
0.34 �) is lower than that with hydrogen–air gases (0.46 �). The
ower reaction resistance with hydrogen–oxygen gases is due to
he higher oxygen pressure (pure oxygen vs. air). Further studies
n fuel cell performance and life-time are in progress.

. Conclusions

1) A new sulfonated dicarboxylic acid monomer BCPOBDS-Na has
been successfully synthesized via three-step reactions and a
series of high molecular weight SPBIs with varied IECs have
been prepared by random copolymerization of BCPOBDS-Na,
DCDPE and DAB in Eaton’s reagent at 140 ◦C.

2) The prepared SPBIs except the SPBI-31 and SPBI-21 showed
good solubility in some aprotic solvents such as DMSO and
DMAc.
3) The SPBI membranes showed moderate PA uptake (180–240%,
w/w) in 85 wt% PA solution at 50 ◦C and the membranes with
higher IECs tended to have larger PA uptake.

4) Ionic cross-linking is favorable for improving the mechani-
cal strength of the PA-doped SPBI membranes. The PA-doped

[

[

[

urces 196 (2011) 3039–3047

SPBI-11 membrane displayed the highest mechanical strength
despite its highest PA uptake.

(5) High proton conductivity up to 37.3 mS cm−1 was achieved
with the PA-doped SPBI-11 membrane at 170 ◦C at 0% relative
humidity.

(6) The fuel cell fabricated with the PA-doped SPBI-11 mem-
brane displayed good performance at high temperatures
with hydrogen–oxygen gases under ambient pressure without
external humidification, and the highest output power density
of 0.58 W cm−2 was obtained at 170 ◦C.
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