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bstract

The current goal on PEMFCs research points towards the optimization of devices working at temperatures above 100 ◦C and at low humidity
evels. Acid-doped polybenzimidazoles are particularly appealing because of high proton conductivity without humidification and promising fuel
ells performances.

In this paper we present the development of new proton conducting membranes based on different polybenzimidazole (PBI) structures. Phos-
horic acid-doped membranes, synthesized from benzimidazole-based monomers with increased basicity and molecular weight, are presented and
iscussed. Test of methanol crossover and diffusion were performed in order to check the membrane suitability for DMFCs.
Both the acid doping level and proton conductivity remarkably increase with the membrane molecular weight and basicity, which strictly depend
n the amount of NH-groups as well as on their position in the polymer backbone. In particular, a conductivity value exceeding 0.1 S cm−1 at
H = 40% and 80 ◦C was reached in the case of the pyridine-based PBI.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The current research on PEMFCs is focused on the opti-
ization of a device working at operational temperatures above

00 ◦C and at very low humidity levels [1]. Such operative con-
itions offer several advantages [1], such as an enhanced catalyst
tability towards the fuel impurities, a faster electrode kinetics
nd chiefly a simplified water management design, which is par-
icularly important in the case of stationary applications.

The optimization of high-temperature PEMFCs requires the
evelopment of new membranes in which the proton transport
s not assisted by the water molecules. In the case of Nafion,

hose proton conductivity is acceptable only at elevated hydra-

ion levels, this peculiar limit was partially solved by preparing
omposite membranes with active nanofillers [2,3]. In particular,
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uite promising systems are based on composites of Nafion and
nsoluble three-dimensional zirconium phosphates with high
roton conductivity even at relative humidity less than 1% [3].

In order to extend the temperature range, the attention was
ocused on membranes with thermal stability higher than Nafion
tself. Several recent reviews well depict the state of the art on
ew polymers suitable as electrolytes for fuel cells. Many alter-
atives were proposed to this aim, ranging on a wide group of
onomers, like modified perfluoropolymers, ormolytes, blends
f acid and base aromatic polymers [4–7].

Acid-doped polybenzimidazoles [8] are particularly appeal-
ng because of high proton conductivity with no or low humid-
fication and promising fuel cells performances [9]. PBI, in
act, contains basic functional groups which can easily inter-
cts with strong acids, such as H3PO4 and H2SO4, so allow-

ng proton migration along the anionic chains via Grotthuss

echanism [10,11]. In particular, poly-(2,2′-m-phenylene-5,5′-
ibenzimidazole) was widely investigated for what concerns
ynthetic approach and casting process [9], membrane ther-
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Table 1
PBI-based polymers: condensation monomers and acid doping level of the corresponding membranes, expressed as N′ = mol (H3PO4)/mol (polymer unit)

Polymer Monomer A Monomer B N′

ABPBI – 1.1

PBI 4N 4.5

PBI 4N a 6.1

PBI 4N b 10.4

PBI 5N 12.0

ABPBI: poly(2,5-benzimidazole); PBI 4N: poly(2,2′-(m-phenylene)-5,5′-bibenzimidazole); PBI 4N a: poly(2,6-(2,6-naphtyliden)-1,7-dihydrobenzo[1,2-d;4,5-
d PBI 5
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′]diimidazole); PBI 4N b: poly(2,2′-(2,6-naphtyliden)-5,5′-bibenzimidazole);

al stability [12], methanol crossover [7], acid doping proce-
ure, proton transport [10,11,13,14], and fuel cells performances
7,15–19]. High-temperature, PBI-based MEAs (Celtec®) for
EMFCs were developed by Celanese [20].

Anyway, the proton conductivity of the doped PBI mem-
ranes exceeds 0.05 S cm−1 only above 150 ◦C [7,9], which is
ctually above the expected operative range of both automo-
ive and stationary applications. In order to increase the proton
onductivity at lower temperatures, the membrane acid doping
eeds to be enhanced, but this worsens the membrane mechan-
cal properties. Several ways have been proposed in order to
vercome this limit, including addition of inorganic fillers [21]
r heteropolyacids [22–24], sulfonation of the polybenzimida-
ole [25,26], or even preparation of porous films to be soaked
n concentrated acid solutions [27]. Recently, a new synthetic
pproach has been reported, that carries out in situ doping during
he casting process which is performed directly from the poly-

erization solution [28]. However, in spite of this large amount
f information, only few and isolated efforts to change the basic
onomer structure of PBI have been reported [29–32].
In this paper we present the development of new proton con-

ucting membranes based on different polybenzimidazole struc-
ures for fuel cells applications. Phosphoric acid-doped mem-
ranes, synthesized from BI-based monomers with increased

asicity and molecular weight are presented and characterized.
he membranes thermal stability, acid doping and proton con-
uctivity are compared with those of poly(2,5-benzimidazole)
ABPBI) and poly-phenilene-benzimidazole (PBI 4N) and dis-

T
fi
t
1

N: poly(2,2′-(2,6-pyridin)-5,5′-bibenzimidazole).

ussed in terms of the number and interspacing of the NH-groups
n the monomer unit.

. Experimental

.1. The PBI-based polymers

All the synthesized PBI polymers are reported and labelled
n Table 1. The polymer powders were prepared via a monomer
ondensation process, following the approach suggested by
sensio and Gomez-Romero [29]. In each case, the monomers
ere dissolved in polyphosphoric acid (PPA, 85% P2O5) and
olymerized at 200 ◦C under nitrogen atmosphere for 5 h
ABPBI) and 30 h (all the other systems). After the condensation
eaction, the polymers were soaked in distilled water, in order to
liminate any residual of monomer and PPA, and subsequently
reated with a NaOH solution (10 wt%). The polymers were then
ashed in boiling water, and finally dried under vacuum for 24 h.

.2. The membrane casting and the acid doping

Films with thickness of ∼80 �m were prepared by casting a
olymer solution of methanesulfonic acid onto a Petri dish and
y evaporating the solvent at 160 ◦C under a ventilated hood.

he films were then boiled in distilled water for 1 h, dried and
nally soaked into a H3PO4 solution (75 wt%) for 72 h. After

he acid activation, each sample was dried under vacuum at
00 ◦C for 24 h. The absorbed amount of H3PO4 was detected
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y weighing the membranes before impregnation and after dry-
ng. The doping level, N′, expressed as the number of H3PO4

olecules per monomer unit, is reported in Table 1 for each
embrane.

.3. Characterization

The DSC measurements were performed with a 2910 MDSC
TA Instruments) by using silver pans, at a rate of 5 ◦C min−1

nder nitrogen purge. TGA scans were also recorded at
◦C min−1 under nitrogen flow with a 2950 TGA (TA Instru-
ents). In order to investigate the thermal stability of the samples

nder conditions similar to the operating ones, we also have per-
ormed isothermal TGA experiments at 80 ◦C and 40% RH.

The proton conductivity was measured by means of the
mpedance spectroscopy technique, using a frequency response
nalyser (FRA Solartron 1255), connected to an electro-
hemical interface (Solartron 1287), over the frequency range
Hz–1 MHz, by applying a voltage of 100 mV. The membrane
as fixed to a four-point measure cell put in a homemade cli-
atic chamber. The check of the operating conditions (sample

emperature and relative humidity) was performed by means of
thermo-hygrometric probe (Rotronic). The impedance scans
ere performed with the following protocols: (i) at 80 ◦C rang-

ng from 0 to 40% RH; (ii) by increasing the temperature from
oom temperature to 130 ◦C at the constant moisture level of
0% RH. The films were allowed to equilibrate 3–4 h at each
oisture level before of the measurements.
The methanol permeability through the membranes was

etermined at 25 ◦C by using a standard split cell. The mem-
ranes (surface area of 4.9 cm2) were vertically placed between
wo sections of identical volume (37 cm3) containing a 2 M

ethanol solution and deionized water, respectively. The solu-
ions were magnetically stirred so that methanol could reach the
quilibrium on both chambers. Aliquots of 1 �l were taken at
ifferent times in the water reservoir, and the methanol concen-
ration was measured by means of a gas chromatograph equipped
ith a flame ionization detector (Perkin-Elmer, Clarus 500).
X-ray powder diffraction (XRPD) patterns were collected on

ll of the samples using a Bruker-D8 Advance Diffractometer,
mploying Cu anticathode radiation. Measurements were per-
ormed in the 2θ range from 5◦ to 50◦ with a scan step of 0.02◦

nd a fixed counting time of 5 s for each step.

A Canon-Fenske capillary viscosimeter was used in order
o measure the intrinsic viscosity [η] at 20 ◦C, of (0.2–0.5%)
olymer solutions in H2SO4 96–98%.

d
S
w
t

able 2
ntrinsic viscosity, [η], polymerization degree, DP, and molecular weight, MWpol, of

embrane [η] (dl g−1) DP MWpol (g m

BPBI 3.36 225 261
BI 4N 0.54 43 132
BI 4N a 0.41 34 95
BI 4N b 0.32 27 96
BI 5N 0.68 53 163

Wmon is the molecular weight of the corresponding monomer unit.
Sources 160 (2006) 175–180 177

. Results and discussion

.1. The polymers intrinsic viscosity

Table 2 reports the intrinsic viscosity for each synthesized
olymer, calculated by means of the following relationship:

η] = K′DPa

here K′ and a are the Mark-Houwink constants and DP is the
egree of polymerization, which is related to the polymer molec-
lar weight through the relationship DP = MWpol/MWmon. The
ark-Houwink constants of ABPBI are 8.7−3 and 1.10, respec-

ively [29], and we used these values even for the other inves-
igated polymers whose constants, to our knowledge, are not
eported in the literature. Therefore, in these last cases the intrin-
ic viscosity can only provide a rough estimate of the polymer
olecular weight.
The detected ABPBI viscosity is in fair agreement with what

easured by Asensio and Gomez-Romero under similar syn-
hesis conditions [29]. However, higher viscosities, and conse-
uently higher molecular weight, may be obtained by purifying
he reaction monomers before the polymerization [29,31]. From
he analysis of the parameters reported in Table 2, we can stress
he following points: (i) the increase of the monomer molecular
eight reduces the condensation rate; (ii) the enhanced basicity,
rovided by the presence of an extra N-atom in the PBI backbone
for example in the case of PBI 5N), determines an increase of
he DP for equal condensation times, probably because of an
mproved monomer solubility in PPA. In any case, the obtained
iscosity values are high enough to prepare films with satisfying
andiness and processability.

.2. The membranes thermal stability

Fig. 1 reports the TGA (part A) and DSC traces (part B),
espectively, recorded on the doped membranes with N′ = 6.1,
0.4 and 12.0. In each TGA curve one can observe an initial
eight loss likely related to the release of surface adsorbed water,

ollowed by a continuous mass decreases due to the condensa-
ion of PO4 units. These weight losses are in agreement with
hat reported by Savinell and co-workers, which have deeply

nvestigated the thermal rearrangement of phosphoric acid in

oped-PBI membranes by means of TG-MS measurements [12].
uch evidences can be further corroborated by the DSC traces,
here the endothermic peak occurring before 100 ◦C is cer-

ainly due to the loss of free water, whereas the following broad

the investigated PBI-based polymers

ol−1) MWmon (g mol−1) Casting process

00 116 Mechanically strong film
44 308 Mechanically strong film
88 282 Mechanically strong film
66 358 Mechanically strong film
77 309 Mechanically strong film
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Fig. 1. (A) TGA curves of the PBI-based membranes, doped with H3PO4:
PBI 4N a, N′ = 6.1 (solid line); PBI 4N b, N′ = 10.4 (dashed line); PBI 5N,
N′
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= 12.0 (dash–dot line); H3PO4 solution, 85% (dotted line). (B) DSC traces of
he PBI-based membranes, doped with H3PO4: PBI 4N a, N′ = 6.1 (solid line);
BI 4N b, N′ = 10.4 (dashed line); PBI 5N, N′ = 12.0 (dash–dot line).

ndothermic feature accounts for the progressive elimination of
2O molecules during the formation of polyphosphoric acid. As

xpected, the intensity of these phenomena increases by increas-
ng the doping.

.3. The membranes structural aspects

Fig. 2 compares the X rays diffraction patterns of the cast
ndoped (part A) and doped (part B) membranes based on
BI 4N, PBI 4N a, PBI 4N b and PBI 5N polymers. All the
ndoped films are semi-crystalline with a large amorphous frac-
ion. In the case of PBI 4N a three wide diffraction peaks
re observed around 9◦, 18◦ and 25◦, which are assigned
o the (1 0 0), (2 0 0) and (1 1 0) planes of poly-phenilene-
enzimidazole [33], respectively. In particular, the peak at 25◦
s referred to the parallel orientation of the benzimidazole rings
ith respect to the film surface [34].

When the membranes are doped with the acid, the resid-

al crystalline order is completely destroyed. The films are
ore amorphous for higher dopant content. On the other hand,

hosphoric acid plays a plasticizing effect, as demonstrated by

t
m
t
e

ig. 2. XRD patterns of the undoped (A) and doped (B) PBI-based films.

emarkable Tg decreases observed by Hughes et al. in the DSC
races of the doped membrane [11]. The structure of PBI/H3PO4
omplexes was recently investigated and modelled [35].

.4. The methanol permeability

The methanol permeation across a membrane is generally
etermined assuming molecular diffusion as predicted by Fick’s
aw. As already described in Section 2, this measurement was
erformed by using a cell where the membrane is placed between
wo reservoirs containing methanol with constant concentration
nd water, respectively. The methanol concentration changes,
B, in the pure water reservoir are related to the methanol diffu-
ion, D, by the following linear relationship:

B(t) = A

VBL
DKcA(t − t0) (2)

ere A and L are the membrane area and thickness, respectively,
B the water chamber volume, cA the initial methanol concen-
ration and t0 is the so-called “time lag” which is related to the
embrane permeability, P = DK, and K is the methanol parti-

ion coefficient. The permeation rate, or permeability, and t0 are
xtracted from the linear regression of Eq. (2).
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Fig. 5. Membrane proton conductivity as a function of the acid doping level,
N′, at 80 ◦C and RH = 40%. The value obtained by Li et al. [9] for a commercial
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ig. 3. Methanol concentration as a function of time at room temperature in the
ase of the PBI 4N membrane (open triangle) and of Nafion 117 (open circle).
he lines are linear best-fits.

Fig. 3 compares the behaviour of the methanol concentra-
ion with time in the case of PBI 4N and NafionTM 117. In
oth the membranes the amount of MeOH diffused through
he membrane changes linearly with the time. As expected,
he methanol crossover through the PBI 4N film is remarkably
ower than in the case of Nafion. The permeability values of
he compared membranes are, in fact, 2 × 10−8 for PBI 4N and
.0 × 10−6 cm2 s−1 for Nafion. Even lower P values were pre-
iously reported for polybenzimidazole membranes [36]. A PBI
ime lag four times longer than that of Nafion was finally deter-

ined (see Fig. 3).

.5. The proton conductivity
Fig. 4 shows the proton conductivity values at 80 ◦C of all
he investigated samples versus the relative humidity, RH. The
ata of Nafion 117 are reported for the sake of comparison. The

ig. 4. Proton conductivity vs. relative humidity at 80 ◦C for all the investigated
embranes. ABPBI, N′ = 1.1 (open circles); PBI 4N, N′ = 4.5 (open triangle

own); PBI 4N a, N′ = 6.1 (filled squares); PBI 4N b, N′ = 10.4 (filled triangles);
BI 5N, N′ = 12.0 (filled circles). The conductivity values of NafionTM 117 are
lotted as comparison (open triangle up).
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BI membrane (open circle), in the same experimental conditions, is reported
s comparison.

BI-based membranes are not greatly affected by the hydration
evel, mostly for relative humidity higher than 20%. All the films
how high proton conductivity even without humidification and
alues higher than 0.1 S cm−1 at RH = 40% are detected in the
ase of PBI 4N b and PBI 5N. Particularly encouraging is the
egion of low moisture level, where the conductivities of PBI-
ased membranes remarkably exceed those ones of Nafion.

The effect of the monomer structure on the transport proper-
ies is better evidenced in Fig. 5, which reports the membrane
roton conductivity at 80 ◦C and 40% of RH, versus the acid
oping level (see Table 1). Two main points can be stressed: (i)
oth the increase of the monomer molecular weight and basicity
ead to the increase of the acid uptake and, consequently, of the
roton conductivity; (ii) the same effect seems to take place by
ncreasing the N-group interspacing in the polymer backbone.
ig. 5 also shows the value reported by Li et al. [9] for commer-

ial PBI.

Fig. 6 finally reports the conductivity behaviour as a func-
ion of the temperature at RH = 40% for the sample PBI 4N b.

ig. 6. Plot of the proton conductivity as a function of temperature, at 40% RH,
or the PBI 4N b membrane (N′ = 10.4).
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he logarithm of the conductivity decreases linearly with 1/T,
ollowing an Arrhenius-type behaviour. The activation energy,
etermined in the range 20–130 ◦C, is 18 kJ mol−1, which is
n good agreement with those generally obtained for the PBI-
ystems [10]. In particular, energies ranging between 40 and
0 kJ mol−1 were calculated depending on the acid doping level
10,31]. It was seen, that the increase of the doping leads to
ctivation energies approaching that of pure H3PO4 system
Ea = 14.29 kJ mol−1) [10].

. Concluding remarks

New phosphoric acid-doped membranes for PEMFCs, based
n different polybenzimidazole structures were synthesized,
tarting from BI-based monomers with increased basicity and
olecular weight. They were characterized from a thermal,

tructural and electric point of view and the results were com-
ared to those of the well-known systems based on ABPBI and
ommercial PBI.

Each doped film is reasonably stable in the working range
f temperature. The membranes show high proton conductivity
ven in absence of humidification, and values exceeding those of
afion of three to four orders-of-magnitude were found at low
oisture levels. A proton conductivity higher than 0.1 S cm−1

as reached at 80 ◦C and RH > 30% in the case of the pyridine-
ased system.

The introduction of extra N atoms in the PBI backbone, as
ell as their interspacing, remarkably affect the acid doping

evel and consequently the membrane proton conductivity. The
ontrol of these parameters may be therefore a promising way
or a further optimization of PBI-based membranes for the fuel
ells.
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