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a b s t r a c t

The boron phosphate-poly(2,5-benzimidazole) (or BPO4eABPBI) nanocomposite proton exchange
membranes were prepared by preblending BPO4 nanoparticles to the 3,4-diaminobenzoic acid solution
before its polycondensation. The phosphoric acid doped nanocomposite membrane possesses enhanced
proton conductivity compared to the phosphoric acid doped pristine ABPBI membrane without BPO4

nanoparticles; and a maximum proton conductivity of 27.3 mS cm�1 was observed in the phosphoric acid
doped nanocomposite membrane consisting of 25% BPO4 nanoparticles at 180 �C under anhydrous
condition. The enhancement of proton conductivity is attributed to the dangling hydroxyl or geminal
hydroxyl groups of the excess phosphoric acid molecules on surface of the BPO4 nanoparticles based on
density functional theory calculations. In addition, the blending of BPO4 nanoparticles significantly
decreases the methanol vapor permeability through the membrane by about two-fold.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Proton exchange membrane fuel cell (PEMFC) technology is
considered one of the most important energy conversion technol-
ogies for the future society when the conventional fossil fuels are
substituted by renewable energies [1,2]. However, the large scale
commercialization of such technology is challenged by the high
cost of the electrocatalysts and the proton exchange membranes
(PEMs) [3]. These seemingly economic obstacles are actually tech-
nical challenges since the best method to cut down the cost of the
electrocatalysts and PEMs is to substitute cheap materials for these
expensive materials. For example, by substituting a cheap high-
temperature proton conducting material for the expensive poly(-
perfluorosulfonic acid) (PFSA) ionomer and increasing the opera-
tional temperature of the PEMFCs to well above the boiling point of
water (>120 �C), the cost for electrocatalysts can also be signifi-
cantly cut down since the activities of electrocatalysts are greatly
improved at elevated temperatures [3,4]. Other advantages from
the high-temperature PEMFCs include improved tolerance to
impurities (such as CO) in fed gas, simplified water and heat
management systems, and improved overall energy conversion
.
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efficiency [5e10]. Consequently, the development of PEMs with
high proton conductivities at high-temperature in water deficiency
state is attracting great research interests both from the industrial
corporations and academic institutions.

In order to meet the diverse requirements for high-temperature
PEMFCs, the composite membrane approach has been widely
employed to improve the overall performances of proton exchange
membranes as the properties of the multiple components can be
retained in the composite membranes. For example, by blending
water retaining materials to the PFSA ionomer, the resulting
composite membranes exhibits improved water retaining charac-
teristics and proton conductivities at high-temperature [11,12].
However, these membranes cannot meet the requirement of high-
temperature fuel cells operated at temperatures well above 120 �C
[13]. Recently, phosphoric acid (H3PO4) doped poly[2,20-(m-phe-
nylene)-5,50-bibenzimidazole] (polybenzimidazole, PBI) has
attracted great research interests since its conductivity is retained
even at 200 �C and under anhydrous conditions [7,14e17]. The
phosphoric acid doped PBI belongs to a large group of proton
conducting materials called the acidebase complexes which are
generally divided into acid-doped basic polymers, base-doped
acidic polymers, and acidebase polymeric complexes [18]. The
pristine PBI exhibits excellent high-temperature performances
owing to the strong hydrogen bonding and the pep stacking
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Scheme 1. Polycondensation of DABA.
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interaction between the aromatic heterocyclic backbones; and the
protogenic component H3PO4 exhibits very good proton conduc-
tivity at high temperature in anhydrous state [7,19]. Other proto-
genic components, such as heteropoly acids [20e22], zirconium
hydrogen phosphate [20], polymers bearing phosphonic acid
groups or sulfonic acid groups [23,24], and other inorganic fillers
[25], have also been blended to the PBI. These acidebase complexes
have shown promising proton conductivity at high temperatures in
water deficiency or even anhydrous state because the membrane
composition can be adjusted to optimize the overall performance
[20,26e28]. Poly(2,5-benzimidazole) or ABPBI has also attracted
great research interests since the ABPBI is the simplest poly-
benzimidazole and can be synthesized by polycondensation of
a single cheap monomer 3,4-diaminobenzoic acid [29e32]. The
ABPBI can also be modified by sulfonation forming sulfonated
ABPBI (SABPBI) [33], or by copolymerization [34], or by incorpo-
ration of phosphomolybic acid [35,36], or poly(vinylphosphonic
acid) [37]. The other high-temperature PEMs based on poly-
benzimidazole include the poly(2,20-(1,4-phenylene)-5,50-bibenzi-
midazole) (para-PBI) [38], and copolymers [39].

Pristine boron phosphate (BPO4), stoichiometric or non-
stoichiometric, shows very low proton conductivity and high
hygroscopicity [40]. As the adsorbedwatermolecule dissociates, the
surface of BPO4 is covered with various types of hydroxyl groups:
free BeOH and PeOH, geminal PeOH and H-bonded adjacent OH
groups associated with both B and P [41]. And a five-magnitude
decrease in resistance was observed as the relative humidity
increases from 35 to 90% [42]. The proton conductivity increases
even more significantly for the non-stoichiometric BPO4 with high
P/B ratio [40]. The BPO4 was also directly blended to sulfonated
poly(ether ketone) (SPEEK) resulting a composite material with
a proton conductivity of 75 mS cm�1 [41] and low methanol
permeability [43]. If in-situ solegel process was applied to the
preparation of the SPEEK/BPO4 composite, a four-fold increase in
proton conductivity was observed [44,45]. The sulfonated poly(-
ether sulfone)/BPO4 blend also showspromising conductivitywhich
increases from 6.5 to 22 mS cm�1 at room temperature as the BPO4
content increases from 0 to 40% [46]. A five-fold increase in proton
conductivity, and excellent thermal, oxidative and hydrolytic
stabilities were observed for the composite containing poly(-
phthalazinone ether nitrile ketone) and 30% BPO4 by an in-situ
process [47]. The BPO4 was also blended to SPAEK-6F and SPEEK
via an in situ solegel process with homogeneous distribution [48].
The PEM prepared from BPO4 and SPEEK/PBI blend exhibits
a conductivity comparable to that of NAFIONmembrane but amuch
higher glass transition temperature at 220 �C [49].

Considering that BPO4 is stable in phosphoric acid and that
a high P/B ratio can facilitate the formation of surface PeOH,
improved proton conductivity is expectable if the BPO4 is blended
to the phosphoric acid doped ABPBI. In this work, a high-
temperature PEM based on the H3PO4 doped BPO4eABPBI nano-
composite was developed and satisfactory comprehensive perfor-
mance was obtained.

2. Experimental

2.1. Materials

The 3,4-diaminobenzoic acid (DABA, 99.1%, Shanghai Yuanji
Chemical Ltd.)waspurifiedby recrystallization [50]: 10.0gDABAwas
firstly dissolved in 100.0ml deionized water, and then about 10.0 ml
hydrazinehydrate (N2H4$H2O,85%, SCRC)wasadded to adjust thepH
of the solution to approximately 8.10 at 70 �C. After the DABA was
completely dissolved, 4.0 g active carbon (SCRC)was added to absorb
impurities from the solution. Upon filtration, clear golden solution
was obtained. Finally, 35% acetic acid (Aladdin Reagent Inc.) was
added and DABA precipitated as light pinkish crystals
(mp ¼ 215.5 �C). Phosphorus pentoxide (P2O5, 98%, SCRC), meth-
anesulfonic acid (MSA, 98%, SCRC), phosphoric acid (H3PO4, 85%,
SCRC), andboronphosphate (BPO4, 99%, SCRC)wereusedas received.

2.2. Fabrication of ABPBI and BPO4eABPBI nanocomposite
membranes

The ABPBI solution was synthesized by polycondensation of
3.0 g DABA using 4.5 g P2O5 as dehydrating agent and 30.0 ml MSA
as solvent at 150 �C under protection of N2 atmosphere for 3.0 h
(Scheme 1) [31]. And then, the ABPBI solutionwas poured on a glass
plate forming a wet membrane; and the thickness of the wet
membrane was controlled by a blade. Two solvent elimination
processes, the direct liftoff process and the evaporation and liftoff
process, were applied to the elimination of solvent from the wet
membranes: In the direct liftoff process, the wet membranes were
directly liftoff in deionized water and were boiled for 12 h to
eliminate the phosphoric acid and residual MSA. In the evaporation
and liftoff process, the wet membranes were firstly kept at 105 �C
for 1 h, 150 �C for 5 h, 170 �C for 1 h in a stove for the elimination of
MSA, then were liftoff in deionized water after being cooled down
to room temperature, finally were boiled in water for 12 h to
eliminate the phosphoric acid and residual MSA. The acid free
ABPBI membranes were then immersed in 65% phosphoric acid at
70 �C for 48 h. Finally, the phosphoric acid soaked ABPBI
membranes were dried at 70 �C for 3 h and were ready for the
characterization of various properties.

Two preparation processes, the preblending process and post-
blending process, were applied to the preparation of BPO4eABPBI
nanocomposite membranes. In the preblending process, the BPO4
nanoparticles were dispersed in the MSA solution of DABA under
ultrasonic stirring before polycondensation. In the post-blending
process, the BPO4 nanoparticles were dispersed in the ABPBI solu-
tionbyballmilling.After thesesteps, theBPO4eABPBInanocomposite
membranes were prepared using the same procedure as the pristine
ABPBI membranes without BPO4. Since nanocomposite membranes
prepared from the preblending process possess higher proton
conductivity than that prepared from the post-blending process, all
the results reported in the following text were measured for the
preblending BPO4eABPBI nanocomposite membranes.

2.3. Characterizations of the nanocomposite membranes

The morphological and structural characteristics of the
membranes were characterized using the SEM and FTIR methods.
The morphologies of the membranes were characterized using the
JEOL-JMS-6700F high resolution scanning electron microscope
(HRSEM). The FTIR spectra were recorded from 400 to 4000 cm�1

on an Avatar 370 FTIR spectrometer (Nicolet, USA). The electrical
impedance spectroscopy (two-probe method with the SFF-50-3-2
shielding cable) was applied to characterize the proton conduc-
tivities of membranes in temperature range of 100e180 �C using
the SI-1287 electrochemical interface and 1255B frequency
response analyzer (AMETEK Inc., UK).
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Themechanical properties of the membranes were evaluated by
means of ultimate tensile strengths and Young’s moduli at room
temperature in air. The sample membranes (about 60 mm in
thickness) were firstly pretreated exactly the same way as the
characterization of proton conductivity; and then, were cut into
pieces about 10.0 mm in length and 4.0 mm in width in the center.
The membranes were elongated at a constant speed of 1 mm per
minute, and the tensile stresses were recorded as function of
membrane elongation.

The permeability ofmethanol vaporwasmeasured slightly above
the boiling point of methanol by an apparatus consisting of two
chambers as shown in Scheme2. Themajorparts of theapparatus are
two G-shaped glass tubes each attached to a three-necked flask, and
the proton exchange membranewas pressed between the G-shaped
tubes. The left flask, filled with liquid methanol, was kept at 66.0 �C
slightly above the boiling point of methanol. The right flask, filled
with deionizedwater to dissolve themethanol vapor that permeates
from the membrane, was kept at room temperature. Before the
starting of the measurement, the air in the left chamber was evac-
uated and was replaced by methanol vapor evaporated from the
liquidmethanol. During the process ofmeasurement, bothG-shaped
tubeswere kept at 65.5 �C in a heating jacket. The partial pressure of
methanol vapor in the left G-shaped tube was controlled at 1.0 atm,
and that in the rightG-shaped tubewas connected to atmosphere via
the condenser. Finally, the permeability of methanol vapor was
evaluated by determination of the moles of methanol in right flask
sampled every few hours during the measurement process.

The moles of methanol crossover the membrane were deter-
mined by colorimetry using a UV-2501PC spectrophotometer. The
coloration process of methanol was as follows: Firstly, themethanol
was oxidized to formaldehyde by KMnO4 in phosphoric acid; and
then, the excess KMnO4 was eliminated by addition of Na2SO3;
finally, coloration was developed by addition of chromotropic acid
and concentrated sulfuric acid [51]. For the details of the coloration
process, the readers are referred to the Supplementary material.

3. Results and discussions

3.1. Morphology

The cross-sectional morphologies of the dehydrated pristine
ABPBI andBPO4eABPBI nanocompositemembranes, andphosphoric
acid doped pristine ABPBI and BPO4eABPBI nanocomposite
membranes were shown in Fig. 1. For the dehydrated pristine ABPBI
Scheme 2. Apparatus for the measurement of permeability of methanol vapor.
membranes prepared using the direct liftoff process, irregular
structures are observed with characteristic dimension of about
100 nm (Fig. 1a); while for that prepared using the evaporation and
liftoff process, the structures with characteristic dimension of about
30 nm are observed (Fig. 1b). Thus, the elimination of MSA fromwet
membranes before liftoff in deionized water can result denser
membrane than thatwithout elimination ofMSA. On the other hand,
theporosityof themembranepreparedusing thedirect liftoff process
is higher than that preparedusing the evaporation and liftoff process.

For the dehydrated BPO4eABPBI nanocomposite membranes,
quite different cross-sectional morphologies are observed
compared to that of the dehydrated pristine ABPBI membranes
(Fig. 1c and d). The bending and breaking method results rougher
cross-sectional surface for the dehydrated BPO4eABPBI nano-
composite membranes than that for the dehydrated pristine ABPBI
membranes. Bean sprout like structures with characteristic
dimension of about 100 nm are observed on the cross-sectional
surface (Fig. 1c). For cross-sectional surface of the dehydrated
BPO4eABPBI nanocomposite membranes prepared using the
evaporation and liftoff process, the morphologies are similar
however with smaller characteristic dimension than that prepared
using the direct liftoff process. Therefore, by controlling the quan-
tity of solvent eliminated from the wet membrane before the liftoff
in deionizedwater, the porosity of themembrane can be controlled.
If low porosity is desired, the solvent should be eliminated from the
wet membrane before liftoff. The membrane with lower porosity
absorbs less phosphoric acid, possesses lower proton conductivity,
but higher mechanical strength. On the other hand, the membrane
with higher porosity absorbs more phosphoric acid, possesses
higher proton conductivity, but lower mechanical strength.

Smooth cross-sectional surfaces were observed for membranes
after being doped with phosphoric acid (Fig. 1eeg). The differences
in cross-sectional morphologies between that of phosphoric acid
doped pristine ABPBI and BPO4eABPBI nanocomposite membranes
are insignificant as all the nanostructures disappear. In one of SEM
morphologies of the phosphoric acid doped BPO4eABPBI nano-
composite membranes, a skin-like structure is stripped off from the
cross-sectional surface during the treatment of the sample before
SEM observation, and sponge-like structure exposes (Fig. 1g). The
sponge-like structure not only guarantees the greatest amount of
phosphoric acid being soaked in the membrane, but also allows the
maximum contact between the membrane matrix and the soaked
H3PO4. Since no BPO4 nanoparticles are observed from all the cross-
sectional surfaces, it is concluded that the distribution of BPO4
nanoparticles in themembrane is even; and the BPO4 nanoparticles
are dispersed in the membrane matrix without significant differ-
ence from the matrix background.

3.2. FTIR spectroscopy

The FTIR spectra for BPO4, pristine ABPBI and BPO4eABPBI
nanocomposite membranes are shown in Fig. 2. The BPO4 exhibits
three strong bands: one band shows two peaks at 565 and 625 cm�1

due to the bending vibrations v4 (F2) of the [PO4]3� tetrahedron, and
the others are at 928 due to the pseudo-lattice translations of BeO
and at 1090 cm�1 due to the asymmetric stretching vibrations v3
(F2) of [PO4]3� tetrahedron, in good agreementwith the FTIRof BPO4
reported in the literature [52]. For the FTIR of pristine ABPBI, the
broadbandat3150cm�1 is resulted fromthehydrogen-bondedNeH
stretching [29,53], and the peaks at 1630, 1580 and 1440 cm�1 are
attributed to the C]N and C]C stretching [53,54]. The FTIR spectra
for BPO4eABPBI nanocomposite membranes are similar to that of
the pristine ABPBI membrane, indicating that the BPO4eABPBI
nanocomposite membranes are simply mixture of BPO4 and ABPBI
without significant chemical interaction.



Fig. 1. Cross-sectional morphologies of the dehydrated pristine ABPBI membranes prepared using (a) The direct liftoff process and (b) The evaporation and liftoff process; of the
dehydrated BPO4(25%)eABPBI nanocomposite membranes prepared using (c) The direct liftoff process and (d) The evaporation and liftoff process; (e) phosphoric acid doped
pristine ABPBI membrane prepared using direct liftoff process, (feg) phosphoric acid doped BPO4(25%)eABPBI nanocomposite membranes prepared using the evaporation and
liftoff process. All the cross-sectional surfaces were prepared by the bending and breaking method in liquid nitrogen.
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3.3. Proton conductivity

The proton conductivities of the membranes were evaluated
from the electrical impedance spectroscopy using the two-probe
method in temperature range of 100e180 �C by fitting to an
equivalent electrical circuit as shown in Fig. 3a. The equivalent
electrical circuit is composed of a resistor R0 representing the
membrane resistance, the contact resistors R1 and R2, the contact
capacitors C1 and C2, and the inductor L0 representing inductance
from the platinum leads. The inductance is insignificant as the
shielding cable was used. The typical value of resistor R0 is 1 U or
less, contact resistor is about 20 kU, contact capacitor is about 50 mF,



Fig. 2. FTIR spectra of BPO4, the pristine ABPBI, and BPO4-ABPBI nanocomposite
membranes.
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and inductor is about 0.01 mH. At high frequency, the contact
capacitors work as short circuits, and the membrane resistance R0
can be evaluated from the high frequency limit of the circuit
resistance.

The typical electrical impedance spectra are shown in Fig. 3b
and c. At high frequency, both the real and imaginary parts of
electrical impedance are low. As the frequency decreases, both the
real and imaginary parts of the impedance increase. At high
temperature, the imaginary part of the impedance increases more
rapidly than the real part; while at low temperature, the imaginary
part of the impedance increases less rapidly than the real part. In
our measurement, the membrane resistance R0 is read from the
intercept of the electrical impedance spectroscopy on the real
impedance axis Z0 at high frequency.

The temperature dependence of proton conductivity reveals an
activated process for both the phosphoric acid doped pristine ABPBI
and BPO4eABPBI nanocomposite membranes in temperature range
of 100e180 �C (Fig. 4). Furthermore, the activation energy is
strongly dependent on the thermal treatment history of the
Fig. 3. (a) The equivalent electrical circuit of the two-probe method; (b, c) The typical e
nanocomposite membranes.
membranes (Table 1). For the phosphoric acid doped pristine ABPBI
membrane, the proton conductivity varies between 0.13 and
8.51 mS cm�1, with an activation energy of 0.230 eV and pre-
exponential factor of 2.74 S cm�1. If the membrane is thermal
treated at 180 �C for 3 h under anhydrous environment; the
conductivity decreases to about 70% of the untreated one. If 15% of
BPO4 is blended into the ABPBI, the activation energy for proton
conducting decreases to about 0.134 eV, and preexponential factor
also decreases to 0.094 S cm�1 indicating the existence of low
concentration of conducting protons with low activation energy. If
25% of BPO4 is blended to the ABPBI, the activation energy increases
to about 0.156 eV and the preexponential factor almost increases
for 10 times compared to the membrane containing only 15% BPO4,
indicting the concentration of conducting protons increases.
Thermal treatment of the BPO4eABPBI nanocomposite membranes
under anhydrous environment results the same tendency as that
for pristine ABPBI membranes: both the activation energy and the
preexponential factor decrease. Themaximum conductivity for 25%
BPO4eABPBI nanocomposite membrane is 27.3 mS cm�1 at 180 �C.
3.4. The tensile strength

For the undoped ABPBI and BPO4eABPBI nanocomposite
membranes, the ultimate tensile strengths are 62.0 and 47.5 MPa;
and their Young’s moduli are 1064 and 628 MPa. The doping of
phosphoric acid enhances the proton conductivity of the ABPBI and
BPO4eABPBI nanocomposite membranes, while degrades the
mechanical properties. The more the phosphoric acid is doped into
the membranes, the poorer the mechanical property is. For the
phosphoric acid doped ABPBI and BPO4eABPBI, their ultimate
tensile strengths are 10.1 and 7.5MPa; and their Young’s moduli are
174 and 78 MPa.

In the literature, the tensile strength for undoped ABPBI varies
from 88 to 121 MPa depending on degree of polymerization [50].
However, the mechanical properties are very sensitive to the
doping level of phosphoric acid. For example, the reported strength
at break of the phosphoric acid doped ABPBI is 0.6 MPa and the
lectrical impedance spectroscopy of phosphoric acid doped ABPBI and BPO4eABPBI



Fig. 5. The moles of methanol vapor that permeates the proton exchange membrane at
65.0 �C; the area and thickness of the membrane are 3.14 cm2 and 40 mm, respectively.

Fig. 4. Temperature dependence of proton conductivity of the phosphoric acid doped
pristine ABPBI and BPO4eABPBI nanocomposite membranes.
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reported Young’s modulus is 2.38 GPa [55]; while in another paper,
the Young’s moduli of ABPBI prepared by low-temperature casting
are 0.290 and 0.104 GPa before or after phosphoric acid doping [56].

3.5. The permeability of methanol vapor

The moles of methanol vapor that permeates the membrane is,

n ¼ P
ADp
d

t (1)

where P is the permeability, Dp is the partial pressure difference of
the methanol vapor across the membrane, A and d are the area and
the thickness of the membrane, and t is the time elapsed during the
measurement. The membrane samples for methanol permeability
measurements were pretreated the same way as that of other
characterization. The moles of methanol vapor that permeates the
membrane were shown as a function of elapsed time in Fig. 5; and
excellent linear relationships were observed for both the phos-
phoric acid doped pristine ABPBI and BPO4eABPBI nanocomposite
membranes. By fitting the experimental data into equation (1), the
methanol permeabilities through the phosphoric acid doped ABPBI
membranes and the BPO4eABPBI nanocomposite membranes were
evaluated at 1.71 � 10�14 or 8.17 � 10�15 mol cm cm�2 s�1 Pa�1,
respectively. A two-fold improvement in blocking methanol
permeation was observed after the blending of BPO4 into the
phosphoric acid doped ABPBI membranes.

3.6. Discussions

The proton conductivities of phosphoric acid doped ABPBI
membranes vary with their preparation procedures, phosphoric
acid and moisture contents, and temperatures [29]. The typical
conductivity values are about 15 mS cm�1 at temperatures as high
as 180 �C under anhydrous conditions for MSA/H3PO4 direct cast
ABPBI/3.0 H3PO4 membranes. MSA-cast membranes under the
Table 1
Proton conducting activation energy ea and preexponential factor A for the phos-
phoric acid doped pristine ABPBI and BPO4eABPBI nanocomposite membranes.

Membranes Thermal treatment (�C/hours) A (S cm�1) Ea (eV)

ABPBI 70/3 2.74 0.230
ABPBI 180/3 1.89 0.233
15% BPO4eABPBI 70/3 0.094 0.134
25% BPO4eABPBI 70/3 0.924 0.156
25% BPO4eABPBI 180/3 0.459 0.134
25% BPO4eABPBI 180/24 0.0247 0.111
same anhydrous conditions prepared by the soaking method show
a conductivity of 25 mS cm�1 for ABPBI/2.7 H3PO4 at 180 �C, higher
than the conductivity obtained for the membranes direct cast from
ABPBI/MSA/H3PO4 solutions [29]. Kim et al. have reported higher
conductivities of 26 mS cm�1 for ABPBI/1.6 H3PO4, 41 mS cm�1 for
ABPBI/2.4 H3PO4, and 60 mS cm�1 for ABPBI/3.7 H3PO4 at 110 �C
[50]. Although the proton conductivity increases with the increase
in phosphoric acid content; the mechanical properties of
membrane degrade with the increase in phosphoric acid content.
Therefore, it is important to develop novel method to improve the
proton conductivity other than to increase the phosphoric acid
content.

In this study, the proton conductivity of phosphoric acid doped
ABPBI is improved by blending of BPO4 nanoparticles. For contrast,
exactly the same procedures are applied to the preparation of
phosphoric acid doped ABPBI or phosphoric acid doped
BPO4eABPBI nanocomposite with the preblending process. The
BPO4eABPBI nanocomposite membrane possesses higher
conductivity exactly under the same conditions and lower acti-
vation energies than the membrane without the blending of BPO4.
The enhancement in proton conductivity by blending of BPO4 is
attributed to the interaction between the BPO4 and H3PO4 since
the phosphoric acid attached to the surface of BPO4 is ready to be
ionized thus reducing the activation energy. For example, the
conductivity of BPO4 increases with the increase in B/P ratio as the
number of surface PeOH groups increases with the increase in B/P
ratio [40]. In Fig. 6, it shows the self-deprotonation Gibbs free
energy of phosphoric acid calculated at B3LYP/6-311þþG(D, P)/
PCM(H3PO4) level of theory. The self-deprotonation Gibbs free
energy of phosphoric acid in pure phosphoric acid is about 1.12 eV;
and this value decreases to about 0.37 eV if a boric acid molecule
exists in the vicinity of the phosphoric acid molecule. Therefore it
is concluded that the blending of BPO4 can significantly improve
the proton conductivity of phosphoric acid doped ABPBI
membranes.

The methanol permeabilities through the phosphoric acid
doped ABPBI or BPO4eABPBI nanocomposite are significantly larger
than that through the phosphoric acid doped PBI on the order of
6.69 � 10�16 mol cm cm�2 s�1 Pa�1 [7]. This difference can be
attributed to the rigidity of molecular backbone of ABPBI compared
to that of PBI, thus allowing fast diffusion of methanol in the
membrane. However, the blending of BPO4 to ABPBI significantly
decreases the methanol vapor permeability through the phos-
phoric acid doped ABPBI membrane.



Fig. 6. (a) The self-dissociation Gibbs free energy of 1.12 eV for phosphoric acid is higher than (b) that of 0.37 eV for phosphoric acid in direct contact with a boric acid molecule
(color code: red for O, green for P, purple for H, and blue for B). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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4. Conclusions

The phosphoric acid doped BPO4eABPBI nanocomposite
membranes have been successfully prepared by polycondensation
of DABA inMSA, either by a preblending or a post-blending process.
The BPO4 nanoparticles are dispersed evenly in the ABPBI matrix
forming a nanocompositemembranewith sponge-likemorphology
after being doped with phosphoric acid. Improved proton
conductivity is observed in the phosphoric acid doped BPO4eABPBI
nanocomposite membrane compared to the phosphoric acid doped
pristine ABPBI membrane because of lowered activation energy for
proton conducting. The improved proton conductivity is attributed
to the dangling hydroxyl or geminal hydroxyl groups of the excess
phosphoric acid molecules on surface of BPO4. The activation Gibbs
free energy of these dangling hydroxyl or geminal hydroxyl groups
is lower than that of phosphoric acid in the bulk as confirmed by
density functional theory calculations. A maximum conductivity of
27.3 mS cm�1 at 180 �C is observed for the 25% BPO4eABPBI
nanocomposite membrane. Finally, the blending of BPO4 signifi-
cantly decreases the methanol vapor permeability through the
membrane by about two-fold.
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