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bstract

Proton exchange membrane (PEM) fuel cells operating at elevated temperature, above 120 ◦C, will yield significant benefits but face big
hallenges for the development of suitable PEMs. The objectives of this research are to demonstrate the feasibility of the concept and realize
acid/ionic liquid/polymer] composite gel-type membranes as such PEMs. Novel membranes consisting of anhydrous proton solvent H3PO4,

he protic ionic liquid PMIH2PO4, and polybenzimidazole (PBI) as a matrix have been prepared and characterized for PEM fuel cells intended
or operation at elevated temperature (120–150 ◦C). Physical and electrochemical analyses have demonstrated promising characteristics of these

3PO4/PMIH2PO4/PBI membranes at elevated temperature. The proton transport mechanism in these new membranes has been investigated by
ourier transform infrared and nuclear magnetic resonance spectroscopic methods.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Proton exchange membrane (PEM) fuel cells are considered
ne of the most promising technologies for stationary power
eneration, in addition to their leading role among all fuel cell
echnologies for transportation applications. The operation tem-
erature limitation of current PEM fuel cell systems is mainly
hat of the membrane itself. The membranes presently avail-
ble for PEM fuel cells are perfluorosulfonic acid (PFSA)-based
embranes such as NafionTM, which exhibit good performance

nly at temperatures lower than 100 ◦C. The critical issue is
hat the proton conduction of perfluorosulfonic acid (PFSA)-
ased membranes is highly dependent on water present in the

embrane [1]. To meet these targets, novel PEM must be

eveloped which shows less humidity dependence and good
hermal stability at elevated temperature, where water and
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hermal management as well as catalytic activity are much
mproved.

A common approach to improving water retention in mem-
ranes above 100 ◦C is to incorporate hydrophilic/hygroscopic
norganic additives, such as silica [2,3] and titanium diox-
de [4] into PFSA membranes. Other additives as metal
hosphates [5–7] (zirconium phosphates, boron phosphate), het-
ropolyacids [8–10] (phosphotungstic acid, silicotungstic acid,
hosphomolybdic acid, etc.) not only increase the water uptake
ut also provide an extra proton transport pathway in the mem-
ranes, by modifying the pore/channel structure of the host
olymer [11]. To improve thermal stability of the polymer
ackbone, aromatic sulfuric acid moieties have been studied
s alternatives to PFSAs in a variety of polymers, including
ulfonated polyphenylene [12], sulfonated polyimides [13], sul-
onated poly benzimidazole [14], sulfonated poly (sulfones) [15]
nd sulfonated poly (ether ketones) [16], etc. However, all these
ulfonated ionomer membranes are still vulnerable to the loss

f conductivity upon loss of water. Water is essential for pro-
on conductivity because it promotes dissociation of the proton
rom the hydrophilic sulfonic acid and provides highly mobile
ydrated protons. Water also swells the membranes and allows

mailto:steve.greenbaum@hunter.cuny.edu
dx.doi.org/10.1016/j.jpowsour.2007.07.074
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or bridging between ionic inclusions facilitating proton con-
uctivity [17]. The operation of these sulfonated membranes is
till limited to a temperature around 120 ◦C due to their water
ependence.

For the operation of PEM fuel cell at T ≥ 150 ◦C, a non-
queous proton conductivity mechanism is required [17].
hosphoric acid and imidazole are two candidates which show
onsiderable proton conductivities in the pure state [18,19].
hosphoric acid shows a very high degree of self-dissociation
H2PO4

− and H4PO4
+), along with some condensation (H3O+

nd H2P2O7
2−). Pure phosphoric acid shows extremely high

roton conductivity (7.7 × 10−2 S cm−1 at 42 ◦C) which may
e ascribed to the correlated motion of the oppositely charged
efects, H2PO4

− and H4PO4
+; whereas, the mobility of phos-

hate species is relatively lower [19]. Savinell et al. reported
n doping Nafion membrane with phosphoric acid to increase
ts conductivity at higher temperatures [20]. Complexes of phos-
horic acid with different polymer (mostly basic polymers) have
een studied as a new series of proton conducting membranes
s reviewed by Schuster et al. [21]. Among them, H3PO4-doped
olybenzimidazole (PBI) have been most widely studied, due
o PBI’s excellent thermal and chemical stability, and more
nterestingly the combination of the positive contribution to
roton transport from its repeat unit, benzimidazole, one kind
f heterocycle similar to imidazole [22–32]. The conductivity
f liquid imidazole is around 10−3 S cm−1 at 90 ◦C, its melt-
ng point Tm. The proton mobility is a factor of ∼4.5 higher
han the molecular diffusion coefficient at Tm and the fast pro-
on transfer mechanism involves a Im· · ·ImH+· · ·Im structure
ithin a dynamical hydrogen bonding network [19]. Kreuer

t al. reported proton conducting polymeric systems based on
itrogen-containing heterocycles, such as imidazole and pyra-
ole [33]. Benzimidazole has also been studied for anhydrous
roton conducting material recently [34]. All these heterocycles
re amphoteric molecules, i.e. proton donor/acceptor, and the
obility of protons in these complexes is similar to the situa-

ion in water containing systems but with better thermal and/or
hemical stability [33]. However, the volatile property of these
eterocycles still limits their application to relatively low tem-
erature. Tethering imidazole directly to a polymer backbone
ave unsatisfying results [21], but more recently, tethering the
midazole to a polysiloxane backbone via a flexible spacer shows
romising results [35].

Despite the extensive efforts on high temperature membranes
n recent years, so far none of the membranes developed meet
ll the requirements for operation of PEM fuel cells at 150 ◦C.
n recent years, ionic liquids as a novel class of solvents have
ttracted extensive attention from different fields. Ionic liquids
re room-temperature molten salts typically consisting of bulky,
symmetric organic cations and inorganic anions, and possess
any especially attractive properties such as non-volatility, non-
ammability, high thermal stability, high ionic conductivity
nd wide electrochemical stability window [36–39]. Recently,

atanabe and co-workers showed that some ionic liquids are

lectro-active for H2 oxidation and O2 reduction under non-
umidifying conditions [40]. These results demonstrate that
onic liquids in principle can serve as the electrolyte for fuel cell
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eactions. However, no practical proton-conducting membranes
ased on ionic liquids for PEM fuel cells have been reported,
lthough there have been some reports on utilizing ionic liquids
o substitute water in NafionTM or directly as a liquid electrolyte
or laboratory fuel cells [41,42].

This work aims to demonstrate the feasibility of the concept
f [acid/ionic liquid/polymer] composite gel-type proton con-
ucting membranes that can serve as practical membranes for
peration of PEM fuel cells at 150 ◦C. PBI possesses excel-
ent thermal and chemical stability as well as its base property
hich makes it easy to interact with acid components, so that
BI is more suitable to apply to high temperature membranes.
owever, significant phase separation occurs when mixing

onic liquid 1-ethyl-3-methylimidazolium triflate (EMITf) or 1-
thyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
EMITFSI) with H3PO4 and PBI, resulting in inhomogeneous
embranes as observed in the laboratory. Ionic liquid with dihy-

rogen phosphate anion (H2PO4
−) should be miscible well with

3PO4 in the view of their identical anions. Moreover, the intro-
uced H2PO4

− can function as proton acceptor and transfer
edium. Thus new ionic liquid 1-propyl-3-methylimidazolium

ihydrogen phosphate (PMIH2PO4) has been synthesized for
ur purpose with the additional consideration that imidazolium
onic liquids normally have good thermal stability and low vis-
osity. In this paper, the preparation and investigation of novel
3PO4/PMIH2PO4/PBI composite membranes is described to

uggest their feasibility for PEM fuel cell operated at elevated
emperature.

. Experimental

Most chemicals purchased were from Aldrich. Hydrophilic
onic liquid, 1-methyl-3-propyl-methylimidazolium dihydrogen
hosphate (PMIH2PO4), and polybenzimidazole (PBI) were
ynthesized in the lab and will be described in detail in the fol-
owing sections as well the preparation of [acid/ionic liquid/
olymer] composite gel-type proton conducting membranes.

.1. Synthesis of hydrophilic ionic liquid PMIH2PO4

The synthesis of PMIH2PO4 ionic liquid follows a two-step
rocedure, quaternization and then anion exchange reaction. The
ynthesis process is shown in the Scheme 1. First, 1-methyl
midazole is reacted with 1-chloropropane to get N-methyl-N-
ropyl imidazole chloride and dried under vacuum at 70 ◦C for
4 h. Then room temperature ionic liquids were obtained by
nion exchange reactions of N-methyl-N-propyl imidazole chlo-
ide with NH4H2PO4. The ionic liquid product was purified,
ecrystallized and then dried under vacuum at 80 ◦C for 24 h
nd stored in a glove box filled with active Argon gas. Synthe-
ized PMIH2PO4 is a highly viscous liquid at room temperature.
ts flow ability increases fast after modest heating.
.2. Synthesis of PBI

3,4-Diaminobenzidine, isophthalic acid, phosphorous pen-
oxide (P2O5), methanesulfonic acid (CH3SO3H) and triflu-
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Scheme 1. Synthesis process of 1-methyl-3-propyl imidazolium dihydrogen phosphate.
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Scheme 2. Synthesis pr

romethanesulfonic acid (CF3SO3H) were purchased from
ldrich and used as received. The synthesis of PBI is based on

eference [43] with some modification and the process is shown
n Scheme 2. First, 1.21 g 3,3′-diaminobenzidine, 0.94 g isoph-
halic acid, 2 g P2O5, 7.5 ml CH3SO3H and 7.5 ml CF3SO3H
ere loaded into a 100 ml round bottom flask with stirring bar

nd reflux tube in the dry box. Second, the glassware setup
as removed and the mixture stirred some more to make the

eactants dissolve. Third, after heating the reaction mixture at
60 ◦C for 2 h a homogeneous solution was obtained and an
ncrease of the solution viscosity was observed. Fourth, the
iscous solution was added to deionized water under fast stir-
ing; and powder or flake-shape products were precipitated out
nd collected. Fifth, the products were washed with water five
imes, then put into (150 ml) 10% NH3·H2O, stirring overnight
o remove the residual reactants, and then washed with water
hree more times. Finally, the yellow brown PBI powder was
ecrystallized from N,N-dimethylacetamide (DMAC) by chloro-
orm (CHCl3), then washed with water again and dried at 80 ◦C
nder vacuum for 24 h. FTIR analysis confirms that the synthe-
ized product shows the characteristic peaks of PBI: 1626, 1533,
444 cm−1.

.3. Preparation of [acid/ionic liquid/polymer] gel-type
EMs

H3PO4/PMIH2PO4/PBI polymer gel electrolyte membranes
ere prepared by a solution casting method. First, PBI was
issolved in DMSO with a concentration of 2 wt.%. Then
roper amounts of H3PO4 or H3PO4/PMIH2PO4 with dif-
erent mole ratios was added to PBI/DMSO solution and a
iscous mixture solution resulted after stirring. The viscous
ixture solution was cast over a Teflon tray and the DMSO

as evaporated and a freestanding membrane resulted. The
ole ratios of H3PO4/PMIH2PO4/PBI membranes chosen for

tudy were 4/2/1, 3/3/1 and 2/4/1. For comparison, H3PO4/PBI
nd PMIH2PO4/PBI membranes have also been prepared using

5
w
n
(

of polybenzimidazole.

he same method and fixed at a mole ratio of H3PO4/PBI or
MIH2PO4/PBI equal to 4/1.

.4. Membrane characterization

Thermogravimetric analysis (TGA) of the membranes was
erformed with a Perkin-Elmer TGA7. The measurement was
arried out from room temperature to 300 ◦C under flowing
2, with a heating rate of 10 ◦C min−1. Differential scanning

alorimetry (DSC) was performed with a Q1000 DSC System
rom TA Instruments, Inc. The measurement was carried out
rom −50 to 250 ◦C at a heating and cooling rate of 10 ◦C min−1.

cooling–heating–recooling cycle was carried out first, and
SC data were collected during the second heating step. The

onic conductivity of the membranes was determined by the
C Impedance method, using a Solartron 1287 electrochemical

nterface combined with a 1260 impedance analyzer. The fre-
uency range used for the impedance measurements was 1 MHz
o 10 Hz and the amplitude was 5 mV. The conductivity cell
t/membrane/Pt was assembled inside the glovebox, hermeti-
ally sealed and placed in an environment chamber (BMA, Inc.),
hich provided temperature control for the measurements. FTIR

est was carried out using Bruker EQUINOX 55 DuroscopeTM

TR.
For NMR measurements, samples were dried at 150 ◦C in

vacuum oven for 2 h and packed into 5 mm o.d. × 20 mm
MR tubes and flamed-sealed. NMR measurements were per-

ormed on a Chemagnetics CMX-300 spectrometer with 1H
armor frequencies of 301.02 MHz and a 31P frequency of
21.85 MHz. Spectroscopic references were distilled water for
H and 85% H3PO4 for 31P. Spectral information was obtained
y Fourier transforming the resulting free-induction decay
FID) of single π/2 pulse sequence. Pulse widths were about

�s for 31P and 12 �s for 1H. Self-diffusion coefficients (D)
ere obtained by the NMR pulse gradient spin–echo tech-
ique (NMR-PGSE), using the Hahn spin–echo pulse sequence
π/2 − τ − π) [44–46]. For a diffusing system in the presence
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f a magnetic field the application of square-shaped magnetic
radients of magnitude g and duration δ results in attenuation
f the echo amplitude A. This attenuation may be represented
y A(g) = exp[−γ2g2Dδ2(Δ − (δ/3))], where γ , D, δ, and Δ

epresent the nuclear gyromagnetic constant, self-diffusion coef-
cient, gradient pulse width, and gradient delay, respectively.
pplied gradient strengths (g) ranged from 0.2 to 2.2 T/m,
and Δ ranged from about 1 to 5 and 5 to 20 ms, respec-

ively. The resulting echo profile versus gradient strengths is
tted to the above equation and D is extracted. Uncertain-

ies in self-diffusion coefficient values are ∼5%. Spin–lattice
elaxation times (T1) were evaluated from inversion recovery
π −τ − π/2) [47] measurements. Variable temperature NMR
easurements were made ranging from ambient to 180 ◦C, with

quilibration times of 20–25 min following each temperature
hange.

. Results and discussion

Fig. 1 shows the TGA of PMIH2PO4, H3PO4 and PBI.
MIH2PO4 is stable up to 250 ◦C, and H3PO4 and PBI are
ore stable than PMIH2PO4. Weight loss of the three com-

onents is less than 2 wt.% up to 150 ◦C. All components here
eet the thermal stability requirements of elevated temperature

peration.
H3PO4/PMIH2PO4/PBI membranes, with three designated

ompositions, i.e., the mole ratio of H3PO4/PMIH2PO4/PBI
et at 4/2/1, 3/3/1 and 2/4/1, were prepared by solution cast-
ng method. The appearances of all prepared membranes are
ranslucent brown, as shown in Fig. 2. H3PO4/PMIH2PO4/PBI
embranes are flexible, elastic and freestanding. However,
3PO4/PBI (4/1) membrane is rather brittle and is difficult to
andle; and PMIH2PO4/PBI (4/1) membrane is very elastic and
ticky.

Fig. 3 shows the TGA of H3PO4/PBI, PMIH2PO4/PBI and

3PO4/PMIH2PO4/PBI membranes with different component
olar ratio. All membranes demonstrate good thermal stability

p to 200 ◦C and thus can be operated at elevated temperature.
he weight loss of the membranes is less than 5.5 wt.% up

Fig. 1. TGA of H3PO4 and lab-synthesized PMIH2PO4 and PBI.

t
p
i

F
b

ig. 2. Photograph of H3PO4/PMIH2PO4/PBI (2/4/1 here as an example) mem-
rane.

o 200 ◦C except H3PO4/PBI (4/1) membrane. The somewhat
igher loss than the previously quoted 2% probably includes
roducts from the condensation of H3PO4 and/or PMIH2PO4
nd some water uptake during the preparation of the sample for
he TGA measurement.

Fig. 4 shows the DSC curves of H3PO4/PBI, PMIH2PO4/PBI
nd H3PO4/PMIH2PO4/PBI membranes with different compo-
ent molar ratio. There is no significant phase transformation
etween room temperature to 200 ◦C. Apparently, the freez-
ng/melting of H3PO4 and PMIH2PO4 has been suppressed,
ndicating strong interactions between the different components.
here is a small curvature change for different membranes occur-

ing at 36 ◦C for H3PO4/PBI, −25 ◦C for PMIH2PO4/PBI, and
2 ◦C, 28 ◦C,−5 ◦C for H3PO4/PMIH2PO4/PBI membrane with
he mole ratio of 4/2/1, 3/3/1, and 2/4/1, respectively. This curva-
ure change temperature point is most likely the glass transition
f the membrane and the trend is consistent with the brittleness
f the membrane. For example, the membrane with high con-

ent of PMIH2PO4 shows a lower curvature change temperature
oint and is more flexible. This indicates PMIH2PO4 plasticiz-
ng the PBI film. The fact that the membranes remain in a single

ig. 3. TGA of H3PO4/PBI, PMIH2PO4/PBI and H3PO4/PMIH2PO4/PBI mem-
ranes.
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Table 1
Humidity effects on the ionic conductivity of H3PO4/PMIH2PO4/PBI membrane
at 80 ◦C

Relative humidity (%) H3PO4/PMIH2PO4/PBI (2/4/1) (mS cm−1)

0 0.254
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ig. 4. DSC curves of H3PO4/PBI, PMIH2PO4/PBI and H3PO4/
MIH2PO4/PBI membranes (reheat step, 10 ◦C min−1 under N2 atmosphere).

hase in the wide range of temperature is very important for fuel
ell operation.

Fig. 5 displays the Arrhenius plot of ionic conductivity
f H3PO4/PBI, PMIH2PO4/PBI and H3PO4/PMIH2PO4/PBI
embranes with different component molar ratio. H3PO4/PBI

nd H3PO4/PMIH2PO4/PBI membranes exhibit similar tem-
erature dependent conductivity and following VTF behavior
48–50], which indicates these membranes have similar
onic conduction mechanisms. However, the conductivity of
MIH2PO4/PBI membrane has weaker temperature dependence
t temperature higher than 80 ◦C. In this particular sample there
s probably a negligible proton contribution to the total ionic con-
uctivity. Incorporating ionic liquid into H3PO4/PBI complex
ignificantly increases the ionic conductivity of the membranes;
higher content of PMIH2PO4 yields a higher ionic conductiv-
ty for the membrane. Under completely anhydrous conditions,
hese H3PO4/PMIH2PO4/PBI membranes with 4/2/1, 3/3/1,
nd 2/4/1 compositions exhibit conductivities 0.84, 1.40 and
.04 mS cm−1 at 150 ◦C, respectively.

ig. 5. Temperature dependent ionic conductivity of H3PO4/PBI,
MIH2PO4/PBI and H3PO4/PMIH2PO4/PBI membranes under anhydrous
ondition.
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0 0.90
0 1.31

Water vapor also has a dramatic effect on the ionic conduc-
ivity of the H3PO4/PMIH2PO4/PBI membranes. The film was
tored under different humidity condition (0%, 10% and 20%)
or 6 h at 80 ◦C at which temperature conductivity measure-
ents were then made. Table 1 lists the humidity dependence

f ionic conductivity of the H3PO4/PMIH2PO4/PBI membranes
2/4/1 here as example). It is found that the ionic conductivity
f the membrane increase by more than a factor of two under
elative humidity of 10% and more than four times under rel-
tive humidity of 20%. Considering water is the unavoidable
y-product of PEM fuel cell reaction, the ionic conductivity for
he H3PO4/PMIH2PO4/PBI membrane in an operating fuel cell
ould be substantially higher than in the absence of water.

The molecular vibration properties of H3PO4/PBI,
MIH2PO4/PBI and H3PO4/PMIH2PO4/PBI membranes have
een studied by FTIR in the spectrum range 4000–400cm−1 as
hown in Fig. 6. In the regions 3800–2000 cm−1 the NH and CH
tretching modes (υ(N–H) and υ(C–H)) are expected to occur.
s shown in Fig. 6(a), the broad peak centered at 3370 cm−1

as attributed to the stretching vibration of the NH groups
nvolved in hydrogen bonding [28,51]. The sharp peaks around
150, 3060, 2964, and 2877 cm−1 were attributed to stretching
ibration of C–H on PMI cations and PBI [51–53]. A very broad
bsorption band appears around 2700 and 2300 cm−1 is related
o the protonation of the nitrogen of the PBI and assigned to the
(N+–H) stretching mode [28,29]. As seen from Fig. 6(a), in the
ase of H3PO4/PBI complex, there are only very broad peaks
round 2700 and 2300 cm−1 indicating a strong acid–base
nteraction between H3PO4 and PBI, with the nitrogen of the
mide group acting as a strong proton acceptor. In the case of
MIH2PO4/PBI complex, the protonation peaks disappear but
broad peak around 3370 cm−1 occurs indicating there is weak

nteraction between PMIH2PO4 and PBI with a lesser degree of
rotonation. In the case of H3PO4/PMIH2PO4/PBI systems, the
ntensity of the 3370 cm−1 peak increases and the protonation
eaks shift to higher wave numbers with increasing PMIH2PO4
ue to the decreased acid strength of PMIH2PO4. As a result,
dding PMIH2PO4 can adjust the acid–base interaction strength
etween H3PO4 and PBI and modify the hydrogen bonding
trength, especially N· · ·H–O bonding.

The intense absorption bands in the 1200–400 cm−1 spec-
ral region are characteristic of the anions. C–H out-of-plane
ibration, heterocyclic-ring vibration and benzene-ring vibra-
ion are also reflected in this region. Carefully comparing the

R spectra of (C2H9N2) H2PO4, PMIPF6 and PBI, it is con-
luded that 964 cm−1 peak is attributed to P(OH)2 asymmetric
tretching and the 460 cm−1 peak is assigned to PO2 torsion
51,52,54]. Fig. 6(b) shows that there are different anion vibra-
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H3PO4/PMIH2PO4/PBI membrane samples are displayed in
Figs. 8 and 9, respectively. All mobile species exhibit T1 min-
ima between 125 and 145 ◦C. A T1 minimum occurs when
the motional correlation time is comparable to the reciprocal
ig. 6. FTIR absorption spectra of H3PO4/PBI, PMIH2PO4/PBI and

3PO4/PMIH2PO4/PBI membranes (3800–2000 and 1200–400 cm−1 region).

ional characteristic among H3PO4/PBI, PMIH2PO4/PBI and
3PO4/PMIH2PO4/PBI membranes, particularly with regard to

he peak position and intensity of P(OH)2 asymmetric stretch-
ng and PO2 torsion modes. These results indicate that adding
MIH2PO4 also modifies the anion structural characteristics,
uch as bond strength and PO4

− flexibility, which in turn leads
o a change of the hydrogen bonding structure between H3PO4
nd PMIH2PO4.

Fig. 7 displays 1H spectra for four different ratios of
3PO4/PMIH2PO4/PBI. The spectrum 0/1/0 is for the pure ionic

iquid (PMIH2PO4) shown for reference purposes. A detailed
pectral assignment will not be given here, as the main pur-
ose is to identify the dynamics of the various mobile species.
riefly, the largest feature (including the “shoulder”) of the ionic

iquid spectrum centered around −4.8 kHz from the reference
requency is assigned to the N-propyl and N-methyl protons, the
eak roughly in the middle (around −3 kHz from the reference)

s assigned to imidazole ring protons and the feature around
kHz is attributed to POH protons of the H2PO4

− anion. The
ssignments of the membrane NMR spectra can thus be made,
ssuming that the rigid PBI protons contribute no more than a

F
m
a

ig. 7. 1H Spectra of reference ionic liquid and membranes at 295 K, where the
umbers xyz are the mole ratios of H3PO4, ionic liquid, and PBI, respectively.

road baseline to the spectrum, on the basis of what happens
hen H3PO4 is added. Clearly, the addition of H3PO4 gives a

pectral contribution +2 kHz from the reference. In this manner,
onitoring the relaxation recoveries and diffusive decays of the
-alkyl protons and the H3PO4 will permit dynamical analy-

is of the IL cation and acid protons, the latter being of more
irect relevance to membrane performance in a fuel cell. This
rgument does not yet take into account the effect of exchange
etween the protons of the IL anion and the H3PO4, which will
e addressed later.

Arrhenius plots of 1H T1 of PMI and H3PO4 for
ig. 8. NMR 1H T1 relaxation results for IL site of H3PO4/PMIH2PO4/PBI
embranes. Again, the numbers xyz are the mole ratios of H3PO4, ionic liquid,

nd PBI, respectively.
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vehicular while the acid protons also have a hopping pathway
available. This may include rapid exchange between protons in
the H3PO4 and the IL anion. The lack of clear resolution between
the POH from the ionic liquid and the POH from the phosphoric
ig. 9. NMR 1H T1 relaxation results for phosphate-associated protons in

3PO4/PMIH2PO4/PBI membranes.

f the Larmor angular frequency (in the present case, around
0−9 s) [47]. Thus it can be concluded that on the whole, all
obile species are dynamically correlated, which in turn sug-

ests that the H3PO4 is well mixed with the ionic liquid phase
n the nanoscale. In addition to short range translational motion,
ethyl group rotation can also provide an efficient relaxation
echanism. However there are subtle differences between the

elaxation behaviors of the different proton sites in a given
ompound and between proton sites among the various mem-
ranes. In particular, local motion of the N-alkyl protons in the
/3/1 membrane is enhanced as evidenced by its lower temper-
ture T1 minimum, which is consistent with smaller linewidths
f individual components of this compound (Fig. 7). On the
ther hand, the POH protons in the 3/3/1 membrane exhibit
higher temperature T1 minimum. The short range motions

esponsible for relaxation likely includes H+ hopping between
OH sites.

31P spectra at 100 ◦C of H3PO4/PMIH2PO4/PBI membranes
re shown in Fig. 10. All three spectra exhibits two main
eaks with a relatively narrow component at the reference fre-
uency indicating some amount of H3PO4 and the broad peak is
ttributed to the short range intermixing of H3PO4 with PBI and
he IL. T2 values of three different membranes were measured
nd they are short, about 1–2 ms over the temperature range
f 20–180 ◦C. The broad line width and short T2, even at high
emperature, is attributed to the greater restriction of both trans-
ational and rotational phosphate group motion by the strong
nteraction with the host structure.

Arrhenius plots of 31P T1 for H3PO4/PMIH2PO4/PBI sam-
les are displayed in Fig. 11 and it is clear that the spin–lattice
elaxation is quite similar among the materials, an indication of
he close similarity of the local environment of the phosphate
ons in all samples. A T1 minimum is observed in the 2/4/1
embrane and is believed to occur above the temperature range
f this investigation for the other two compounds. Low T1 val-
es at higher temperature also contribute to the31P linewidth via
ifetime broadening.

F
P

Fig. 10. 31P NMR spectra of H3PO4/PMIH2PO4/PBI membranes.

Proton diffusion results for H3PO4/PMIH2PO4/PBI samples,
xtending to 180 ◦C are displayed in Fig. 12. The values are pre-
ented for two main peaks, corresponding to the N-alkyl protons
nd the POH protons. As expected, the diffusion coefficients
ncrease with increasing temperature. The diffusion values of
OH are higher that those of IL cation for all three samples,
ith the largest difference occurring for PE241. Previous studies
f pure H3PO4 and H3PO4 in water have shown that the phos-
hate ions diffuse through a vehicular mechanism that depends
n the solution viscosity, whereas acid protons diffuse via a
opping mechanism that is uncorrelated with viscosity [55]. In
he present case, it is surmised that the IL cationic motion is
ig. 11. NMR 31P T1 relaxation results for the acid site of H3PO4/
MIH2PO4/PBI membranes.
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PBI may balance this effect. Our FTIR analysis supports this
hypothesis as does the proton exchange effects implied by the
NMR results. The improvement of conductivity by increasing
ig. 12. Temperature dependence of the proton diffusion in H3PO4/
MIH2PO4/PBI membranes.

cid (Fig. 7) is consistent with proton exchange between these
pecies, not unlike what has been observed in other phosphoric
cid/PBI membranes where more than one phosphate species is
resent [56].

Although the diffusion coefficients have the highest value
or the membrane with the highest ionic liquid concentration
PE241), the next highest values occur for the membrane with the
owest IL concentration (PE421). It is interesting that the inter-

ediate IL concentration membrane (PE331) gives the smallest
ifference between diffusion values of IL cation and acid pro-
ons, suggesting strong interactions among all components.

It was not possible to measure the 31P diffusion coefficient
f the membranes due to the short T2 (1–1.5 ms) values, over
ntire temperature range. Given the highest value of T2 ≈ 2.0 ms
bserved for the membrane, which occurred at high temperature,
nd experimental limitations on gradient strengths, it is possible
o estimate an upper limit of D that is consistent with the lack
f observable echo decay, and that value is about 10−8 cm2 s−1.
hus there is negligible phosphate diffusion in these materi-
ls; i.e. about two orders of magnitude lower than the proton
iffusion coefficients.

The ionic liquid will disperse homogeneously into the
3PO4/PBI complex due to its same anion as H3PO4. Combined
ith the good thermal and chemical stability of PMI+ cation, it

s reasonable to conclude that incorporating PMIH2PO4 will not
ompromise the advantages of H3PO4-doped PBI membranes
uch as good proton conductivity, zero electro-osmotic water
rag number, low gas permeability, and excellent oxidative and
hermal stability [22–32]. Moreover, it is expected that there
ould be a three-dimensional hydrogen bonding network within

he H3PO4/PMIH2PO4/PBI membranes and proton conduction
ould occur mainly through the hydrogen bonding network by
hopping mechanism.
It is reported that H2PO4
− anion has a strong tendency to

orm an infinite network (like chain, ribbons, layers, and three-
imensional network) via strong hydrogen bonds (O–H· · ·O) in
umerous structures of monophosphates with organic cations

F
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most are heterocycles) [54]. Strong hydrogen bonding between
3PO4 and N and/or NH group of PBI (O–H· · ·N and N–H· · ·O)
as also been demonstrated by infrared spectroscopy in the pre-
eding section and in the literature [28,29,57]. It is then sensible
o conclude that the whole H3PO4/PMIH2PO4/PBI complex is a
hree-dimensional H-bonded network which augments the struc-
ural integrity of the membrane and enhances its acid/ionic liquid
tability. Moreover, the large number of defect protons, H2PO4

−
ons from the ionic liquid, themselves will increase the proton
onductivity in the membranes due to their proton accepting
ature, functioning as a proton exchange site [18]. Defect pro-
ons show fast structural diffusion comprising proton transfer
ith undissociated molecules (e.g. H3PO4) and structural reor-
anization of the PO4-tetrahedra as discussed by Dippel et al.
58]. Therefore, this three-dimensional H-bonded network pro-
ides a medium in which the Grotthuss hopping mechanism
lays an important role [57,59]. The proton transport in this H-
onding network can be schematized as in Fig. 13. Furthermore,
he ionic liquid plasticizes the PBI chain and thus the membrane,
acilitating the segmental motion of PBI and the reorganiza-
ion of the PO4-tetrahedra thus enhancing proton transfer of
ithin the membranes as supported by the previously discussed
TIR analysis. Another role PMIH2PO4 may play is to adjust

he strength of hydrogen bonding in the systems which may be
ptimized for proton transport. Kreuer et al. pointed out that
ynamical bond-length variations are the key to long-range pro-
on transport [18,19]. Strong hydrogen bonding is a prerequisite
or proton transfer reaction; however, weak hydrogen bonding
acilitates bond breaking and reforming so as to realize long-
ange proton transport [19]. Due to strong acid–base interaction
etween H3PO4 and PBI, PBI can be partially protonated by
3PO4 [28,57], with limited associated proton transport. But

elatively weaker hydrogen bonding between PMIH PO and
ig. 13. Scheme of the proton conduction mechanism in the H3PO4/
MIH2PO4/PBI membranes under anhydrous condition.
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he relative humidity can be ascribed to the bridging effect of
ater molecules in the proton conduction [59]. Also the mem-
ranes, all components of which are hygroscopic, absorb water
hich is an unavoidable by-product of fuel cell operation, and

his further enhances proton conductivity.
In the H3PO4/PMIH2PO4/PBI membrane, though there are

everal mobile ions including PMI+ cation and H2PO4
− anion,

nly proton transport is relevant for fuel cell power produc-
ion, other two will only induce the polarization of the fuel cell.
he 1H NMR diffusion results (Fig. 12) suggest that proton

ransport is the main contribution to the total ionic conduc-
ivity of the membranes. Tests in fuel cells and other analysis
re yet to be carried out to evaluate these materials further. Of
ourse, whether the thermal, mechanical and chemical stability
f H3PO4/PMIH2PO4/PBI membranes is sufficient to maintain
satisfactory performance after long-term operation still needs

o be established. It is noteworthy that the PBI/H3PO4 ratio in
hese membranes is considerably higher than reported for earlier
ystems (without ionic liquids). [27–29,59]. One limitation of
hose materials is leaching of the acid during long-term opera-
ion. Therefore, the retention of H3PO4 acid and PMIH2PO4
onic liquid in fuel cells made with the current membranes
lso has to be established under long-term operating conditions.
his is particularly relevant if even higher ionic conductiv-

ty is sought by means of increasing the acid and ionic liquid
oncentration.

. Conclusions

[Acid/ionic liquid/polymer] polymer gel electrolyte mem-
ranes have been synthesized and characterized as prospective
roton exchange membranes for PEM fuel cells operat-
ng at elevated temperature. Novel H3PO4/PMIH2PO4/PBI
omposite gel-type proton conducting membranes have been
repared using lab synthesized thermal engineering poly-
er polybenzimidazole (PBI) and ionic liquid, PMIH2PO4,
ith the proton accepting anion H2PO4

−. The investigated
3PO4/PMIH2PO4/PBI membranes are homogeneous, flexi-
le, freestanding and with good thermal stability and wide
emperature range of single phase behavior. The membranes
ave acceptable ionic conductivity of up to 2.0 × 10−3 S cm−1

t 150 ◦C and under anhydrous condition. The conductiv-
ty rises even higher when the membranes absorb some
ater vapor. H3PO4/PMIH2PO4/PBI membranes combine the

dvantage of H3PO4-doped PBI and special features of ionic
iquid PMIH2PO4. A three-dimensional hydrogen bonding
etwork structure inside of the H3PO4/PMIH2PO4/PBI mem-
ranes is proposed and proton conduction occurs mainly
hrough the hydrogen bonding network by a hopping mech-
nism. The ionic liquid PMIH2PO4 is surmised to function
s proton transfer bridges, a plasticizer for PBI, a balancer
f the strengths of hydrogen bonding in the system, and
n absorber and retainer of water. FTIR and NMR anal-

ses support these hypotheses. It is suggested that further
haracterizing of these new membranes by other analytical
echniques and under real fuel cell operating conditions is
arranted.
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