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Abstract
Novel composite membranes for high temperature polymer-electrolyte fuel cells (HT-PEFC) based on a poly[oxy-3,3-bis(4′-benz-

imidazol-2″-ylphenyl)phtalide-5″(6″)-diyl] (PBI-O-PhT) polymer with small amounts of added Zr were prepared. It was shown in a

model reaction between zirconium acetylacetonate (Zr(acac)4) and benzimidazole (BI) that Zr-atoms are capable to form chemical

bonds with BI. Thus, Zr may be used as a crosslinking agent for PBI membranes. The obtained Zr/PBI-O-PhT composite

membranes were examined by means of SAXS, thermomechanical analysis (TMA), and were tested in operating fuel cells by

means of stationary voltammetry and impedance spectroscopy. The new membranes showed excellent stability in a 2000-hour fuel

cell (FC) durability test. The modification of the PBI-O-PhT films with Zr facilitated an increase of the phosphoric acid (PA)

uptake by the membranes, which resulted in an up to 2.5 times increased proton conductivity. The existence of an optimal amount

of Zr content in the modified PBI-O-PhT film was shown. Larger amounts of Zr lead to a lower PA doping level and a reduced

conductivity due to an excessively high degree of crosslinking.
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Introduction
Polymer-electrolyte fuel cells (PEFC) based on polybenzimi-

dazole (PBI) membranes doped with phosphoric acid (PA) as an

electrolyte can be operated without any humidification of

reactant gases at an elevated temperature range, in which the

CO tolerance of the Pt catalyst becomes higher. This allows the

use of cheap hydrogen fuel, which was not thoroughly purified,

such as hydrogen produced by natural gas reforming, at the

place of consumption. On the way to commercialization, how-
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ever, this promising type of PEFC still faces several problems

concerning its long term stability and the overall efficiency

of electrode and membrane materials. These properties should

be further improved in order to make HT-PEFC economically

reasonable.

The proton conductivity of PBI membranes generally increases

with the PA doping level [1]. At the same time, higher PA

doping levels usually result in decreased mechanical strength,

which may lead to an increased crossover of reactant gases.

The design of an advanced membrane for HT-PEFC applica-

tions necessitates the finding of an appropriate compromise

between proton conductivity on the one hand and good mechan-

ical properties as well as low gas permeability on the other

hand.

Various PBI-based composites have been proposed in order to

achieve an optimal balance of these properties. In order to

enhance the mechanical strength, various polymers, such as

PTFE [2,3] or polymer sulfonic acids, which can form ionic

bonds with basic PBI (Nafion [4], SPEEK [5,6]), were proposed

as functional fillers for PBI membranes. Even carbon nanotubes

were impregnated into PBI matrices for a higher durability

[7,8]. In order to improve the conductivity, proton conductors

such as heteropolyacids (H3SiW12O40 (SiWA) [9-12],

H3PW12O40 (PWA) [12], Cs2.5H0.5PMo12O40 (CsPMoA) [13]),

lithium hydraziniumsulfate, LiN2H5SO4, (LiHzS) [14] and

Zr-containing compounds (zirconium pyrophosphate [15], zir-

conium tricarboxybutylphosphonate [16,17]) were introduced

into PBI membranes. According to the literature, researchers

generally use quite high amounts (10–50%) of modifying agents

when producing composite membranes. Such high amounts are

required to achieve an optimal structure of the functional filler

inside the PBI matrix, i.e., a well-developed proton-conducting

channel system if solid proton conductors are added, or a

durable polymer frame, e.g., for ionic crosslinking by polymer

sulfonic acids.

In the present work we propose an alternative approach to the

design of composite membranes based on PBI. We propose

adding a rather small number of zirconium atoms into PBI

matrices by means of Zr precursors (zirconium tetraacetate

(Zr(OAc)4) or zirconium acetylacetonate (Zr(acac)4)). Zirconi-

um atoms, which have a valence of four, exhibit coordination

numbers of up to nine and may form crosslinks between PBI

chains. In this way, they can improve the chemical and thermal

stability as well as the mechanical strength of a membrane. At

the same time, zirconium is able to form acidic phosphates with

intrinsic proton conductivity, and acts as a coordination centre

for PA, which improves the electrolyte binding in the matrix.

This should result in increased proton conductivity, and a more

effective transport and better acid retention in a membrane

during long-time operation. For the present paper we examined

the properties of composite membranes based on poly[oxy-3,3-

bis(4′-benzimidazol-2″-ylphenyl)phtalide-5″(6″)-diyl] (PBI-O-

PhT, chemical structure is shown in Figure 1 ) [18,19] with the

addition of small amounts of zirconium. Additionally, the

performance of HT-PEFC based on these composite membranes

is studied.

Figure 1: Chemical structure of poly[oxy-3,3-bis(4′-benzimidazol-2″-
ylphenyl)phtalide-5″(6″)-diyl] (PBI-O-PhT).

Experimental
Membrane preparation
PBI-O-PhT synthesis
Initially, 3,3',4,4'-tetraaminodiphenyl ether (0.461 g, 2 mmol)

and 4,4′-diphenylphtalidedicarboxylic acid (0.749 g, 2 mmol)

were mixed under dry argon flow with 3.8 mL of Eaton’s

reagent (P2O5:MeSO3H 9:1 wt.) in a three-neck flask equipped

with a mechanical stirrer and a heater with temperature control.

The mixture was stirred for 2 h at 80 °C, then for 1 h at 100 °C,

and finally 1 h at 120 °C. Then 0.57 g (4 mmol) of P2O5 was

added, and the reaction continued for a further 2 h at 120 °C.

Then the temperature was raised to 145–150 °C, and the reac-

tion continued for 2–5 h, until a dramatic increase in the

viscosity of the mixture was observed. After that, the mixture

was diluted with an equal volume of 85% H3PO4 and stirred to

obtain a homogenous solution. The latter was slowly poured

into water and dispersed, then filtered, washed with water

until pH 7, treated with methanol for extraction of residuals

in a Soxhlet extractor, and dried in vacuum for 5 h at 100 °C.

The chemical structure of the product was confirmed by
1H NMR and IR spectra, and elemental analysis. The intrinsic

viscosity, [η], measured in N-methylpyrrolidone (NMP) at

25 °C was 2.02 dL/g.

Film casting and crosslinking
Standard procedure: Polymer films were cast from a 10%

polymer solution in NMP on glass plates heated at 60–80 °C.

After solvent evaporation (8–12 h), the films were heated in

vacuum at 160 °C for 2 h for additional drying, put in hot water

to extract any residuals, then placed in 2% H2SO4 for 24 h at

room temperature, and then heated in an oven with air circula-
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tion for 1 h at 350 °C for the three-dimensional crosslinking of

polymer chains.

Zr-procedure: Zr(IV) acetylacetonate (Zr(acac)4) or Zr(IV)

tetraacetate (Zr(OAc)4) were dissolved in NMP and added to

the polymer solution in corresponding quantities before casting.

The subsequent procedure was the same as the standard one

except for the step of immersing the films in 2% H2SO4.

Doping with PA: In order to obtain the membrane material, the

cross-linked films were doped with 77% PA at 60 °C for three

days. The resulting membrane thickness was about 50 μm.

Before assembling the fuel cells, the membranes were stored in

85% PA at room temperature. In total, four series of membranes

were prepared and tested: (1) Non modified PBI-O-PhT

standard (reference membrane), (2) PBI-O-PhT modified by

adding 0.75 wt % Zr(acac)4, (3) PBI-O-PhT modified by adding

2 wt % Zr(acac)4, and (4) PBI-O-PhT modified by adding

0.75 wt % Zr(OAc)4.

SAXS
High resolution small-angle diffraction patterns of PBI-O-PhT

and Zr/PBI-O-PhT composite membranes doped with PA were

recorded with a SAXS- and WAXS camera S3-Micropix,

manufactured by Hecus (Cu Kα, λ = 1.542 Å). Two detectors

were used: a two-dimensional Pilatus 100K and a linear pos-

ition-sensitive-detector PSD 50M operating at a pressure of

8 bar Ar/Me. A Xenocs Genix generator supplied the high-

voltage (50 kV) and the current (1mA) for the detectors. Fox 3D

vacuum optics were used to shape the X-ray beam, and the slits

in the Kratky collimator were set to 0.1 and 0.2 mm, respective-

ly. The angular scale was between 0.003 Å−1 and 1.9 Å−1.

In order to eliminate the influence of air, the X-ray optics

system and the camera were evacuated to a pressure of

(2–3) × 10−2 mmHg. The exposition time was varied from 600

to 5000 s.

FT-IR
Because the loading of Zr precursors in the composite

membranes is very low, no noticeable changes in the FT-IR

spectra of composite and reference samples could be observed.

Hence, in order to confirm the active role of zirconium in the

PBI-O-PhT crosslinking process we studied a model reaction of

benzimidazole (BI) with Zr(acac)4 in a melt in the temperature

range of 320–350 °C, which was also applied for heating the

films. As a result of this interaction, a dark brown non-melting

insoluble product of polymeric nature is formed. A mixture of

BI with Zr(acac)4 (4:1 molar ratio) and the reaction product,

which occurred after heating this mixture up to 320–350 °C,

were pressed into KBr pellets, and FT-IR spectra were taken by

using a Nicolet Magna-IR-750 spectrometer.

TMA
Thermomechanical analysis of the composite membranes doped

with PA was conducted by using a Netzsch TMA 202 instru-

ment. Five heating/cooling cycles from 40 to 190 °C in air and

under a constant load of 0.05 N were performed for each mem-

brane sample.

Fuel cell testing
Fuel cell assembly
Cells with an active area of 5 cm2 were assembled. Gas diffu-

sion electrodes containing 1 mg·cm−2 Pt (Pt/C ratio = 40%)

were taken from a commercial membrane–electrode assembly

(MEA) Celtec P1000 (BASF). In our experience, they

have a rather reproducible performance. Therefore, we used

them in order to ensure the most reliable comparison of

different membranes in operating fuel cells. Membranes were

prepared according to the procedure described above. The

membrane–electrode assemblies (MEAs) were assembled with

fuel cell hardware units (Arbin Instruments) including bipolar

graphite plates with a reagent supply system and current

collectors.

Break-in
After assembly the fuel cells were heated up to 160 °C and

operated at a constant current density of 0.4 A·cm−2 for a 50

hour break-in. Pure hydrogen and air were supplied separately

to the anode and cathode electrodes, respectively, without any

humidification or excessive pressure. The gas flows were

controlled by Bronkhorst El-Flow mass-flow controllers, which

used an RS-232 interface. During the electrochemical measure-

ments the air flow on the cathode was kept at a rather high

value of 200 mL·min−1 (corresponding to a stoichiometry of

about 6 for a current density j = 0.4 A·cm−2) to minimize the

oxygen-transport limitations [19].

Steady state polarization curves
All electrochemical measurements were performed by the use

of an Autolab PGSTAT 302 (Eco Chemie) potentiostat/

galvanostat with a built-in frequency response analyser module

FRA 2. Steady state galvanostatic polarization curves were

measured in a current density range from 0 to 0.4 A·cm−2 at

160 °C. The current step was 2 mA·cm−2. After setting each

current value the system was allowed to reach a steady state for

about 10 s before measuring the voltage.

Impedance measurements
The impedance of the fuel cells with membranes of different

types was measured in a galvanostatic mode at frequencies from

100 kHz to 0.1 Hz for ten different current density values (from

0.04 to 0.40 A·cm−2). The magnitude of the current perturba-

tion was 2 mA·cm−2. After setting each direct-current density
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Figure 3: Small angle X-ray scattering results for the different types of composites and the reference membrane.

Figure 2: Equivalent circuit with a transmission line for modelling the
impedance response of the active layers.

value, the system was allowed to reach a steady state for 10 min

before taking the frequency scan. An equivalent circuit with a

transmission line of n repeating units (Figure 2) was used for

fitting the impedance data. Such an approach allows accounting

for a distributed structure of active layers (AL) and is described

in detail in our previous paper [19]. Each repeating unit with

index i stands for a thin sublayer of the AL and models the

following processes: charge-transfer during the oxygen reduc-

tion reaction, double layer charging and ohmic losses due to

finite proton conductivity of the AL. The following parameters

were obtained as a result of the impedance spectra approxima-

tion: the undistributed ohmic resistance of a cell, Rm, (mainly

membrane resistance); the distributed resistance of proton trans-

port in the cathode AL, Rel; the charge transfer resistance, Rct;

and the double layer capacitance, C (Figure 2). Fitting of the

impedance spectra was performed by means of the Zview

modelling software using the DX-6 distributed element for the

transmission line with n repeating units. In order to define the

membrane resistances more accurately, the resistance of the test

cell itself (including the resistance of current collecting plates,

contacts and wires) was subtracted from the undistributed

ohmic resistance, Rm, obtained from the impedance data. In

order to determine the resistance of the test cell we measured

the resistance of the cell assembled without a membrane and

with direct contact between the electrodes. The value of this

resistance was 4.7 mΩ.

Hydrogen crossover-current measurements
For hydrogen crossover-current measurements, the cathode was

fed with pure nitrogen, and pure hydrogen was supplied to the

anode. The dry gases were supplied at an ambient pressure at

flow rates of 50 mL·min−1. After several minutes the open-

circuit voltage reached its steady-state value of about 120 mV.

Then the voltage was swept slowly (1 mV·s−1) to 500 mV and

the resulting current of hydrogen oxidation was recorded. A

similar technique of hydrogen crossover-current measurements

is described in [20,21].

2000 hour durability test
PBI-O-PhT modified by adding 0.75 wt % Zr(acac)4 and a non-

modified PBI-O-PhT reference membrane were tested in fuel

cells operating at 160 °C at a constant current density of

0.4 A·cm−2 for 2000 h. Hydrogen and air flows were the same

as described above.

Results and Discussion
X-ray scattering data presented in Figure 3 indicate that the

composite membranes have a uniform amorphous structure.

Compared to the non-composite reference sample there are no

noticeable differences. Similar SAXS patterns for PBI films

have also been reported by Kannan et al. [8]. Only an amorph-

ous halo without any scattering peaks is observed in the region
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Figure 4: FT-IR spectra of a mixture of BI with Zr(acac)4 (4:1 molar ratio, upper spectrum) and of the product of the reaction occurring after heating of
this mixture to 320–350 °C (lower spectrum).

between 20 and 30° (2θ) for all samples of the series. The

absence of any noticeable structural changes in the composite

membranes is quite expectable since we added only very small

amounts of Zr compounds. According to the obtained data,

Zr-based crystallites are not formed (the samples are amorph-

ous), so that Zr atoms should be uniformly distributed inside the

PBI-O-PhT films. Slight differences of the intensity of the

scattered radiation above 25° are observed for membranes with

different amounts of the Zr precursor. Membranes with higher

Zr amounts (2 wt % Zr(acac)4) and the reference membrane

have stronger structure correlations with a characteristic length

of approximately 7 Å in comparison to membranes with lower

Zr amounts (0.75 wt % Zr(acac)4 or Zr(OAc)4). This is prob-

ably explained by the different number of crosslinks, which is

higher between polymer chains of the reference membrane and

the membranes with 2 % Zr(acac)4 loadings than between

polymer chains of the membranes with 0.75 % Zr precursors

loadings.

In order to prove the active role of zirconium compounds in the

PBI-O-PhT crosslinking process we studied a model reaction of

benzimidazole (BI) with Zr(acac)4. FT-IR spectra of a mixture

of BI with Zr(acac)4, and of the product of the reaction occur-

ring after heating this mixture to 320–350 °C, are presented in

Figure 4. The spectrum of the mixture after heating dramatic-

ally differs from the initial one. One can observe a noticeable

shift and widening of the absorption peaks of the BI aromatic

system at 1590, 1530, 1409, 1246 cm−1, and an appearance of

several new strong broad peaks at 1561, 1452, 617, 473 cm−1,

which can be attributed to the formation of both chemical and

coordination bonds of zirconium with BI. According to this data

one can conclude that the PBI-O-PhT macromolecules inside

the membranes, which have been modified by adding Zr(acac)4

or Zr(OAc)4 and subsequent heating, are crosslinked by zirconi-

um. It is noteworthy, that pristine non-crosslinked PBI-O-PhT

films dissolve in PA. Adding small amounts of Zr makes the

films stable and insoluble in PA even at 180 °C.

A possible mechanism of the crosslinking process of PBI by

Zr(acac)4 and further doping with PA is shown in Figure 5. Due

to lability of the N–Zr bonds in the excess of PA, one can

expect a dynamical behaviour of the Zr-crosslinks. We suggest

that zirconium is forming chemical bonds not only with PBI-O-

PhT macromolecules but also with PA molecules after the

doping procedure, as shown in the right part of Figure 5. Since

the coordination number of zirconium ranges from six to nine,

one can also expect coordination bonds of Zr atoms with several

PA molecules (not shown in Figure 5). Due to the dynamic

nature of the Zr-crosslinks and the coordination bonds of Zr

with PA, the composite Zr/PBI-O-PhT membranes should show

higher PA doping levels in comparison to the reference PBI-O-

PhT membrane with stiff sulfuric crosslinks [18,19]. This

increased acid uptake of the composite membranes is observed

experimentally, and the results are presented in Table 1.
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Figure 5: Possible mechanism of the crosslinking process of PBI by Zr(acac)4 and further doping with PA.

Table 1: Equilibrium phosphoric acid (PA) doping levels for composite
PBI-O-PhT membranes.

membrane type equilibrium PA
doping level

reference membrane (pristine
sulfuric-crosslinked PBI-O-PhT)

380%

PBI-O-PhT + 0.75 wt % Zr(acac)4 430%
PBI-O-PhT + 0.75 wt % Zr(OAc)4 430%
PBI-O-PhT + 2 wt % Zr(acac)4 400%

From Table 1 one can see that the transition from stiff sulfuric

crosslinks in the reference PBI-O-PhT membrane (for compari-

son here we used pristine PBI-O-PhT membranes, thermally

crosslinked in the presence of sulfuric acid as described in [18])

to dynamic crosslinks of PBI-O-PhT chains by zirconium

resulted in a raise of acid uptake from 380 to 430% for samples

with 0.75 wt % Zr precursor loading. An increase of this

loading to 2 wt % leads to a lower acid uptake of 400% which

can be explained by an excessive degree of crosslinking.

The strong tendency of Zr-atoms to coordinate atoms of both

PBI chains and PA is rather fortunate not only from the view-

point of enhanced mechanical properties of the composite, but

also due to the expected improved ability to retain the liquid

electrolyte. Indeed, in a typical PBI material suitable proton

conductivity is achieved only at a doping level of several phos-

phoric acid molecules per PBI monomer unit. Only one PA

molecule is really bound to the protonated N-atom, the other

molecules are retained by hydrogen bonds. This acid–base

bonding requires an immobilized proton to be excluded from

the proton transport. In contrast, the direct coordination bonding

between Zr and the O-atom of a PA molecule spares the corres-

ponding proton for proton transport, but the additional contribu-

tion to hydrogen bonding for electrolyte molecules in the matrix

is still achieved.

Composite membranes with Zr-crosslinks show a high acid

uptake and, at the same time, demonstrate excellent mechanical

stability in a temperature range of 20–190 °C, which is con-

firmed by TMA results presented in Figure 6 and Figure 7. The

thermal expansion under constant load is smooth and can be

reproduced well for several repeated heating/cooling cycles for

all samples (Figure 6). The thermal expansion coefficient calcu-

lated from TMA data as presented in Figure 7 is positive and

has similar values for the reference samples and the composites

with 0.75 wt % loading of Zr precursors. Composite membranes

with 2 wt % Zr(acac)4 have a higher crosslinking degree

resulting in a higher stiffness and a higher thermal expansion

coefficient (Figure 7).

Fuel cells with all types of the Zr/PBI-O-PhT composite

membranes demonstrate an enhanced performance in compari-

son to the pristine reference PBI-O-PhT membrane (Figure 8).

High open-circuit voltages of about 900–930 mV indicate a low

hydrogen permeability. Indeed, the measured hydrogen cross-

over-currents (Figure 9) are about 3 mA·cm−2 for all samples of

the membranes. This is lower than the 4–5 mA·cm−2 reported

by Neyerlin et al. [20] for PBI membranes from a commercial

Celtec P-1000 MEA (BASF). Polarisation curves of fuel cells

with different composite membranes demonstrate a similar

behaviour. More detailed analysis has been performed by means

of EIS by using an equivalent circuit with a transmission line

for the approximation of impedance spectra.

According to the impedance data, using zirconium as a cross-

linking agent allows to achieve a significantly reduced mem-

brane resistance in comparison to the non-modified reference
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Figure 6: Change of the relative membrane thickness in a series of five consecutive heating/cooling cycles. The temperature change is given by the
dotted line.

Figure 7: Thermal expansion coefficients of the composite membranes.

sample (Figure 10). The membrane thickness is virtually

identical for all samples (about 50 μm). That means that the

conductivity of the composite membranes is noticeably higher

(about 0.04 S·cm−1, 0.07 S·cm−1, and 0.1 S·cm−1 at 160 °C for

the pristine crosslinked PBI-O-PhT reference membrane, for

PBI-O-PhT with 2 wt % Zr(acac)4 and for PBI-O-PhT with

0.75 wt % Zr(acac)4 or Zr(OAc)4 loading, respectively). The

increase of the conductivity is because of the higher uptake of

PA by the composite Zr/PBI-O-PhT film. It can be explained by

the dynamic nature of the zirconium crosslinks between the

macromolecules and the ability of zirconium to form acidic

phosphates and act as a coordination centre for PA. As shown in

Table 1, the PA uptake of a membrane decreases with an

increasing degree of crosslinking, so the observed resistance of

membranes with 2 wt % Zr precursor loading is higher than for

membranes with 0.75 wt % loading.

According to data presented in Figure 11, the distributed resist-

ances of the cathode AL are also lower in fuel cells with com-

posite membranes containing Zr. This beahvior is expected.
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Figure 8: Performance of fuel cells based on PBI membranes of different types. Air is used as an oxidant, T = 160 °C.

Figure 9: Oxidation current of hydrogen diffusing through the mem-
brane for PBI-O-PhT with 0.75 wt % Zr(OAc)4. H2/N2 operation,
T = 160 °C.

Since the composite films take up more PA they should release

more PA into the AL of the electrodes during the break-in of the

fuel cell. According to our previous study [19] the amount of

acid inside the AL has a significant influence on the distributed

resistance: the higher the content of PA electrolyte in the elec-

trode AL, the lower their resistance. This way the observed

active-layer resistance values correlate with the equilibrium

acid-doping level of the membranes presented in Table 1.

The dependence of the acid content in the electrode AL on the

equilibrium doping-level of the membranes is also confirmed by

the double-layer capacitance data presented in Figure 12. The

capacitance values, which can be measured by means of imped-

ance spectroscopy, depend on the boundary area between the

proton- (PA) and electron- (Pt and carbon support) conducting

phases and serve as a good indicator of the acid content in the

AL [22,23]. The data in Figure 12 indicate that membranes with

0.75 wt % Zr(acac)4 release the highest amount of acid into the

AL. The lowest amount of PA is in the AL of cells with the

pristine reference membranes, which is in good agreement with

AL resistance data (Figure 11). It is interesting that the cells

with composite membranes modified by adding 0.75 wt %

Zr(OAc)4 have lower double layer capacitance values in com-

parison to the cells with PBI-O-PhT membranes modified by

adding the same amount (0.75 wt %) of Zr(acac)4. That means

that membranes for which Zr(OAc)4 was used as a Zr precursor

release less PA into the electrodes than membranes with the

same loading of Zr(acac)4. At the same time, these membranes

contain the same quite high amount of PA (430%, see Table 1).

The enhanced acid-retaining properties of PBI-O-PhT +

Zr(OAc)4-membranes may be explained by the hydrolysis of

Zr(OAc)4 by water vapour present in the air during the film-

casting process. This could result in the formation of a Zr oxide

film at the surface of the membrane, and the oxide film may

prevent acid from leaching out of the membrane. The fact

that the acid retention properties of the PBI membranes depend

on the type of Zr precursor is unexpected and needs further

investigation.

According to [23] one cannot distinguish charge- and mass-

transfer processes from a single impedance spectrum of



Beilstein J. Nanotechnol. 2013, 4, 481–492.

489

Figure 10: Membrane resistances as functions of the current density for fuel cells with different PBI membranes. T = 160 °C.

Figure 11: Distributed cathode active layer resistances as functions of current density for fuel cells with different PBI membranes. T = 160 °C.

HT-PEFC since they have similar relaxation times. Thus, the

polarization resistances presented in Figure 13 account for both

charge- and mass-transfer contributions. Since the electrodes in

all FC tests are the same, the differences of the polarization

resistance are mainly due to the redistribution of PA inside the

MEA and the variation of the PA amount inside the electrode

AL. An increase of this amount leads to a flooding of the AL

pores and a less effective oxygen transport, which results in

higher polarization-resistance values. Thus, the highest resist-

ance is observed for FC with PBI-O-PhT membranes modified
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Figure 12: The double layer capacitance as a function of the current density for fuel cells with different PBI membranes (T = 160 °C). A higher capa-
citance indicates a higher area of interphase boundary (PA/Pt and C), which depends on the amount of PA in the active layer.

Figure 13: Polarization resistance (the sum of charge-transfer and mass-transfer resistances) as a function of the current density for fuel cells with
different PBI membranes (T = 160 °C). Higher resistances indicate a lower oxygen transport in the active layer because of a higher acid content in AL.

with 0.75 wt % Zr(acac)4, which release large amounts of acid

in the AL. The PBI-O-PhT films with 0.75 wt % Zr(OAc)4

release lower amounts of PA, and so the polarization resistance

for FC based on these membranes is lower. Yet the lowest po-

larization resistance is observed for FC with the pristine refer-

ence membrane since it contains and releases the lowest amount

of liquid electrolyte. It is noteworthy, that the comparative

analysis of the acid content of the AL by using polarization-

resistance measurements is in good agreement with AL-resist-

ance and double-layer capacitance data.



Beilstein J. Nanotechnol. 2013, 4, 481–492.

491

Figure 14: 2000-hour stability test of a composite PBI-O-PhT + 0.75 wt % Zr(acac)4 membrane and the reference membrane in an operating fuel cell.
H2/air, T = 160 °C, current density 0.4 A·cm−2.

According to the impedance data, PBI-O-PhT membranes

modified by adding an amont of 0.75 wt % Zr precursor are

good candidates for FC applications. In order to check their

durability and overall chemical and thermal stability the

membranes were tested in operating fuel cells for 2000 h

(Figure 14). An increase in performance of about 15–20 mV

due to the redistribution of PA inside the MEA and the forma-

tion of the effective boundary between the three phases (elec-

tron and proton conducting phases and gas phase) is observed

during the first 1000 h. This relaxation time is noticeably higher

than the typical time of about 100 hours reported in the litera-

ture as a suitable break-in period of HT-PEFC [24]. This may

be attributed to the high PA amount in the composite mem-

brane. The characteristic 1000 h may be the time needed to

remove excessive acid from the AL of the electrodes. It is worth

noticing that after the first thousand hours of operation, the

performance of the FC with composite membranes is stable and

at the same time higher than that of the pristine-membrane

reference sample.

Conclusion
Adding small amounts (0.5–2.0 wt %) of zirconium precursors

(Zr(acac)4 or Zr(OAc)4) into PBI-O-PhT films and subsequent

heating allows to produce composite membranes with thermally

and chemically stable zirconium crosslinks. The membranes

become insoluble in PA and may be used in fuel cells without

any additional crosslinking. After PA doping, due to the

expected dynamic nature of Zr-crosslinks, these novel compos-

ite membranes demonstrate an enhanced PA uptake providing

improved proton conductivity and at the same time exhibit a

favourable thermal and mechanical stability. The acid-retention

ability of the composite membranes is also improved but

depends on the type of the Zr precursor. The films modified

with Zr(OAc)4 keep acid more strongly than films modified

with the same amounts of Zr(acac)4. It is possible to manage the

acid redistribution inside the MEA by varying the amount of the

Zr precursor: the higher the Zr content, the better the acid-reten-

tion properties. The existence of an optimal Zr content in a PBI-

O-PhT film was shown. Larger amounts of Zr lead to a

lowering of the PA doping level and a lower conductivity due to

a higher degree of crosslinking.

Acknowledgements
This work was supported by the Federal target oriented program

"Scientific and educational research personnel of innovative

Russia for 2009–2013" within the State contract No

16.740.12.0728 (code 2011-1.2.1-212-022-001) and by the

Russian Academy of Sciences within the Basic Research

Program of the Presidium No 7. M.S.K., M.O.G., and A.R.Kh.

gratefully acknowledge support of the Bundesministerium für

Bildung und Forschung (project RUS 09/036). The authors

express their sincere appreciation to Artyom Bakirov from the

Kurchatov Institute for performing the SAXS measurements.

References
1. Ma, Y.-L.; Wainright, J. S.; Litt, M. H.; Savinell, R. F.

J. Electrochem. Soc. 2004, 151, A8–A16. doi:10.1149/1.1630037
2. Lin, H.-L.; Yu, T. L.; Chang, W.-K.; Cheng, C.-P.; Hu, C.-R.; Jung, G.-B.

J. Power Sources 2007, 164, 481–487.
doi:10.1016/j.jpowsour.2006.11.036

3. Lin, H. L.; Hsieh, Y. S.; Chiu, C. W.; Yu, T. L.; Chen, L. C.
J. Power Sources 2009, 193, 170–174.
doi:10.1016/j.jpowsour.2009.01.062

http://dx.doi.org/10.1149%2F1.1630037
http://dx.doi.org/10.1016%2Fj.jpowsour.2006.11.036
http://dx.doi.org/10.1016%2Fj.jpowsour.2009.01.062


Beilstein J. Nanotechnol. 2013, 4, 481–492.

492

4. Zhai, Y.; Zhang, H.; Zhang, Y.; Xing, D. J. Power Sources 2007, 169,
259–264. doi:10.1016/j.jpowsour.2007.03.004

5. Zaidi, S. M. J. Electrochim. Acta 2005, 50, 4771–4777.
doi:10.1016/j.electacta.2005.02.027

6. Silva, V. S.; Ruffmann, B.; Vetter, S.; Mendes, A.; Madeira, L. M.;
Nunes, S. P. Catal. Today 2005, 104, 205–212.
doi:10.1016/j.cattod.2005.03.051

7. Kannan, R.; Aher, P. P.; Palaniselvam, T.; Kurungot, S.; Kharul, U. K.;
Pillai, V. K. J. Phys. Chem. Lett. 2010, 1, 2109–2113.
doi:10.1021/jz1007005

8. Kannan, R.; Kagalwala, H. N.; Chaudhari, H. D.; Kharul, U. K.;
Kurungot, S.; Pillai, V. K. J. Mater. Chem. 2011, 21, 7223–7231.
doi:10.1039/c0jm04265j

9. Staiti, P.; Minutoli, M.; Hocevar, S. J. Power Sources 2000, 90,
231–235. doi:10.1016/S0378-7753(00)00401-8

10. Staiti, P.; Minutoli, M. J. Power Sources 2001, 94, 9–13.
doi:10.1016/S0378-7753(00)00597-8

11. Staiti, P. Mater. Lett. 2001, 47, 241–246.
doi:10.1016/S0167-577X(00)00241-X

12. Verma, A.; Scott, K. J. Solid State Electrochem. 2010, 14, 213–219.
doi:10.1007/s10008-008-0678-0

13. Li, M.-Q.; Shaob, Z.-G.; Scott, K. J. Power Sources 2008, 183, 69–75.
doi:10.1016/j.jpowsour.2008.04.093

14. Jung, J.-W.; Kim, S.-K.; Lee, J.-C. Macromol. Chem. Phys. 2010, 211,
1322–1329. doi:10.1002/macp.200900712

15. Kim, T.-H.; Lim, T.-W.; Park, Y.-S.; Shin, K.; Lee, J.-C.
Macromol. Chem. Phys. 2007, 208, 2293–2302.
doi:10.1002/macp.200700261

16. Jang, M. Y.; Yamazaki, Y. Solid State Ionics 2004, 167, 107–112.
doi:10.1016/j.ssi.2003.12.003

17. Jang, M. Y.; Yamazaki, Y. J. Power Sources 2005, 139, 2–8.
doi:10.1016/j.jpowsour.2004.03.080

18. Ponomarev, I. I.; Chalykh, A. E.; Aliev, A. D.; Gerasimov, V. K.;
Razorenov, D. Yu.; Stadnichuk, V. I.; Ponomarev, Iv. I.;
Volkova, Yu. A.; Khokhlov, A. R. Dokl. Phys. Chem. 2009, 429,
237–241. doi:10.1134/S0012501609110062

19. Kondratenko, M. S.; Gallyamov, M. O.; Khokhlov, A. R.
Int. J. Hydrogen Energy 2012, 37, 2596–3602.
doi:10.1016/j.ijhydene.2011.10.087

20. Neyerlin, K. C.; Singh, A.; Chu, D. J. Power Sources 2008, 176,
112–117. doi:10.1016/j.jpowsour.2007.10.030

21. Inaba, M.; Kinumoto, T.; Kiriake, M.; Umebayashi, R.; Tasaka, A.;
Ogumi, Z. Electrochim. Acta 2006, 51, 5746–5753.
doi:10.1016/j.electacta.2006.03.008

22. Oono, Y.; Sounai, A.; Hori, M. J. Power Sources 2009, 189, 943–949.
doi:10.1016/j.jpowsour.2008.12.115

23. Mamlouk, M.; Scott, K. Electrochim. Acta 2011, 56, 5493–5512.
doi:10.1016/j.electacta.2011.03.056

24. Modestov, A. D.; Tarasevich, M. R.; Filimonov, V. Ya.;
Zagudaeva, N. M. Electrochim. Acta 2009, 54, 7121–7127.
doi:10.1016/j.electacta.2009.07.031

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.4.57

http://dx.doi.org/10.1016%2Fj.jpowsour.2007.03.004
http://dx.doi.org/10.1016%2Fj.electacta.2005.02.027
http://dx.doi.org/10.1016%2Fj.cattod.2005.03.051
http://dx.doi.org/10.1021%2Fjz1007005
http://dx.doi.org/10.1039%2Fc0jm04265j
http://dx.doi.org/10.1016%2FS0378-7753%2800%2900401-8
http://dx.doi.org/10.1016%2FS0378-7753%2800%2900597-8
http://dx.doi.org/10.1016%2FS0167-577X%2800%2900241-X
http://dx.doi.org/10.1007%2Fs10008-008-0678-0
http://dx.doi.org/10.1016%2Fj.jpowsour.2008.04.093
http://dx.doi.org/10.1002%2Fmacp.200900712
http://dx.doi.org/10.1002%2Fmacp.200700261
http://dx.doi.org/10.1016%2Fj.ssi.2003.12.003
http://dx.doi.org/10.1016%2Fj.jpowsour.2004.03.080
http://dx.doi.org/10.1134%2FS0012501609110062
http://dx.doi.org/10.1016%2Fj.ijhydene.2011.10.087
http://dx.doi.org/10.1016%2Fj.jpowsour.2007.10.030
http://dx.doi.org/10.1016%2Fj.electacta.2006.03.008
http://dx.doi.org/10.1016%2Fj.jpowsour.2008.12.115
http://dx.doi.org/10.1016%2Fj.electacta.2011.03.056
http://dx.doi.org/10.1016%2Fj.electacta.2009.07.031
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.4.57

	Abstract
	Introduction
	Experimental
	Membrane preparation
	PBI-O-PhT synthesis
	Film casting and crosslinking

	SAXS
	FT-IR
	TMA
	Fuel cell testing
	Fuel cell assembly
	Break-in
	Steady state polarization curves
	Impedance measurements
	Hydrogen crossover-current measurements
	2000 hour durability test


	Results and Discussion
	Conclusion
	Acknowledgements
	References

