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Abstract

The development of anhydrous proton conducting membrane is important for the operation of polymer electrolyte membrane fuel cell

(PEMFC) at intermediate temperature (100–200 8C). In this study, we have investigated the acid–base hybrid materials by mixing of strong

phosphonic acid polymer of poly(vinylphosphonic acid) (PVPA) with the high proton-exchange capacity and organic base of heterocycle,

such as imidazole (Im), pyrazole (Py), or 1-methylimidazole (MeIm). As a result, PVPA-heterocycle composite material showed the high

proton conductivity of approximately 10K3 S cmK1 at 150 8C under anhydrous condition. In particular, PVPA-89 mol% Im composite

material showed the highest proton conductivity of 7!10K3 S cmK1 at 150 8C under anhydrous condition. Additionally, the fuel cell test of

PVPA-89 mol% Im composite material using a dry H2/O2 showed the power density of approximately 10 mW cmK2 at 80 8C under

anhydrous conditions. These acid–base anhydrous proton conducting materials without the existence of water molecules might be possibly

used for a polymer electrolyte membrane at intermediate temperature operations under anhydrous or extremely low humidity conditions.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer electrolyte membrane fuel cells (PEMFC) are

one of the attractive energy conversion systems to be used in

many industrial applications including electric vehicles,

mobile telephones, and on-site power generations [1–6].

Recently, the operation of PEMFC at higher temperature

(100–200 8C) has been considered to provide many

advantages, such as improved carbon monoxide (CO)

tolerance of the platinum electrode, the higher energy

efficiency, simplified heat managements, and co-gener-

ations [1–3,5–7]. However, the typical electrolyte material,

such as Nafionw membrane, is not so stable at higher

temperature (above 100 8C) and the proton conductivity

decreases abruptly due to a loss of water from the membrane

[8,9]. The proton transport in Nafionw membrane is due to

the mobility of the water molecules in the membrane.

Investigations on anhydrous electrolyte systems with
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high proton conductivity at intermediate temperatures (100–

200 8C) have been reported [1–3,5–7]. The proton transport

under anhydrous (water-free) or low humidity conditions

might be based on a non-vehicular mechanism, in which

only protons are mobile from site to site without an

assistance of diffusible vehicle molecules [10]. This type of

the mechanism has been reported for polybenzimidazo-

le(PBI)-phosphoric acid or PBI-sulfuric acid, [11–15]

imidazole group immobilized polymer-acidic molecules,

[16,17] sulfonated poly(ether-ether-ketone)-heterocycle,

[18] ionic liquid, [19–22], and inorganic–organic copolymer

[23]. However, these electrolytes membranes require the

presence of liquid moieties, such as phosphoric or sulfuric

acid solutions or ionic liquid, to enhance the proton

conductivity. Furthermore, sulfonated-poly(ether–ether–

ketone) based materials did not provide a high proton

conductivity because of the low proton-exchange capacity.

Polymer electrolytes with high proton-exchange capacity

might be composite for the high proton conductivity under

anhydrous condition, because a distance between protonic

sites must be smaller.

In this study, we have prepared the acid–base composite

materials by mixing of a strong phosphonic acid polymer
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poly(vinylphosphonic acid) (PVPA) with the high proton-

exchange capacity and an organic base heterocycle, such as

imidazole (Im), pyrazole (Py), and 1-methylimidazole

(MeIm). This PVPA-heterocycle composite material exhib-

ited a large proton conductivity of 7!10K3 S cmK1 at

150 8C under anhydrous condition. Additionally, the

thermal stability of composite material was found to

increase with the mixing ratio of the heterocycle. Further-

more, the fuel cell test of PVPA-Im composite material

using a dry H2/O2 showed the power density of approxi-

mately 10 mW cmK2 at 80 8C under anhydrous conditions.
2. Experimental section
le of heterocycle�
2.1. Preparation of PVPA-heterocycle composite materials

Poly(vinylphosphonic acid) (PVPA) (Mw; 2!104) was

obtained from Polysciences, Inc., PA. Imidazole (Im),

pyrazole (Py), and 1-methylimidazole (MeIm) were pur-

chased from Wako Pure Chemical Industries Ltd, Osaka,

Japan and Tokyo Kasei Kogyo Co., Ltd, Tokyo, Japan. The

molecular structures are shown in Fig. 1. Ultra-pure water

(Milli-Q Gradient A10, Millipore Corp., MA) was used in

all the experiments described. PVPA (100 mg/ml) and

heterocycles were dissolved in water. The concentration of

heterocycle in composite material was widely changed from

0 to 94 mol%. The PVPA-heterocycle solution (50–100 ml)

was cast onto Teflonw plate and dried at room temperature

or 70 8C for 1–3 days. The dried-membrane or -gel of

PVPA-heterocycle composite was stripped from the

Teflonw plate. The mixing ratio (mol%) of heterocycle

was determined by

mol%Z 100

!
½mole of heterocycle�

½mole of phosphonic acid group in PVPA�C ½mo
Fig. 1. Molecular structures of poly(vinylphosphonic acid) (PVPA),

imidazole (Im), pyrazole (Py), and 1-methylimidazole (MeIm).
2.2. Characterization of PVPA-heterocycle composite

materials

The thermal stability of these composite materials was

analyzed by thermogravimetric-differential thermal analysis

(TG-DTA) (TG-DTA 2000S, Mac Sciences Co., Ltd,

Yokohama, Japan). TG-DTA measurement was demon-

strated at the heating rate of 10 8C minK1 under dry-

nitrogen flow. Infrared (IR) spectra were characterized

using an IR spectrophotometer FTS-60 (Bio-Rad Labora-

tories, Inc., PA) with the attenuated total reflection (ATR)

prism (Golden Gate Diamond ATR System, Specac Ltd,

GA). The IR spectrum was measured with the resolution of

4 cmK1.
2.3. Proton conductivity measurements of composite

materials

Proton conductivity of PVPA-heterocycle composite

materials was performed by the a.c. impedance method in

a frequency range from 1 Hz to 1 MHz using an impedance

analyzer SI-1260 (Solartron Co., Hampshire, UK) in a

stainless steel vessel from room temperature to 160 8C [24–

27]. The composite materials sandwiched between two

platinum electrodes (diameter: 6 mm) with the Teflonw

spacer. The direction of conductive measurement is

perpendicular to the composite material. Conductivities of

composite materials were determined from a typical

impedance response (Cole–Cole plots). All the measure-

ments in this experiment were carried out under dry-

nitrogen flow. So, the measured impedance response

indicates a anhydrous (water-free) proton conductivity of

membranes [24–27].
2.4. Performance evaluation in fuel cell

The membrane electrode assembly (MEA) was prepared

as follows: PVPA-Im solution was cast onto the hydrophilic

PTFE filter (Millipore Corp., MA) and E-TEK Pt/C

electrode with Pt loading 20 wt% (E-TEK Div. of De

Nora N.A., Inc., NJ) was put on the membrane. These

MEAs were dried at 70 8C for 1–3 days. The dried MEA was

subjected into the electrochemical cell chamber. All the fuel

cell measurements were executed under flowing of dry

H2/O2 at 0.1 MPa, H2 100 mL minK1 and O2 100 mL minK1.

Current–voltage (I–V) characteristics of MEA were

measured under anhydrous condition. The fuel cell operat-

ing temperature was less than 100 8C. The flow rates of the

gases were controlled using mass-flow controllers.



Fig. 3. TG (a) and DTA (b) curves of PVPA-Im composite materials with

the heating rate of 10 8C minK1 under dry-nitrogen flow. (1) Pure PVPA

material, (2) PVPA-44 mol% Im, (3) PVPA-76 mol% Im, (4) PVPA-

89 mol% Im, (5) PVPA-93 mol% Im, and (6) pure Im materials.
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3. Results and discussion

3.1. Preparation and characterization of PVPA-Im

composite materials

The Poly(vinylphosphonic acid) (PVPA)-heterocycle

solution was cast onto Teflonw plate and dried. The dried-

membrane of PVPA-heterocycle was stripped from the

Teflonw plate. Fig. 2 shows a photograph of a PVPA-

89 mol% Im composite membrane. The free-standing

membrane is transparent, flexible, and homogeneous. Fig.

3(a) and (b) shows the thermogravimetric (TG) and

differential thermal analyses (DTA) of (1) pure PVPA

material, (2) PVPA-44 mol% Im, (3) PVPA-76 mol% Im,

(4) PVPA-89 mol% Im, (5) PVPA-93 mol% Im materials,

and (6) pure Im materials, respectively, with a heating rate

of 10 8C minK1 up to 300 8C under dry-nitrogen flow. Pure

PVPA material without the mixing of Im showed the TG

weight loss of approximately 5% at 150 8C (line (1) in Fig.

3(a)). This weight loss is due to the evaporation of water

from the membrane. In contrast, the TG weight loss of the

Im composite material diminished with the increase of the

mixing ratio below 200 8C. Additionally, the endothermic

peak due to the evaporation of water decreased with the

mixing of Im molecules and the melting of Im was not

observed below the mixing ratio of 89 mol% Im (line (1)–

(4) in Fig. 3(b)). These results suggested that PVPA-Im

composite material (%89 mol% Im) do not produce the

diffusible ion by the melting of samples and is stable at the

intermediate temperature (!160 8C). The TG weight loss

above 200 8C may be an evaporation of Im molecules or

condensation reaction of phosphonic group with the

dehydration. Two endothermic peaks at 57.3 and 141.2 8C

of PVPA-93 mol% Im composite material are the melting

and boiling of Im phase, respectively.

3.2. Molecular structure of PVPA-Im composite materials

Next, we demonstrated the infrared (IR) measurement of

PVPA-Im composite material. Spectra of composite

materials were measured by the attenuated total reflection
Fig. 2. Photograph of PVPA-89 mol% Im composite material. The free-

standing membrane is transparent, flexible, and homogeneous.
(ATR) method. IR spectra of (a) pure PVPA material, (b)

PVPA-13 mol% Im, (c) PVPA-44 mol% Im, (d) PVPA-

76 mol% Im, (e) PVPA-89 mol% Im, and (f) pure Im

materials, respectively, are shown in Fig. 4. The absorption
Fig. 4. Infrared (IR) spectra of PVPA-Im composite materials with different

mixing ratio of Im. Spectra of composite materials were measured by the

attenuated total reflection (ATR) method. (a) Pure PVPA material, (b)

PVPA-13 mol% Im, (c) PVPA-44 mol% Im, (d) PVPA-76 mol% Im, (e)

PVPA-89 mol% Im, (f) pure Im materials.



Fig. 5. Proton conductivities of PVPA-Im composite materials with

different Im mixing ratio under anhydrous condition. Proton conductivity

was performed by the a.c. impedance method between 1 Hz and 1 MHz

using an impedance analyzer. Conductivities indicated the steady-state

conductivity with the repeating of three times. Mixing ratios of Im are 6,

0 mol% Im (pure PVPA material); :, 44 mol% Im; ,, 61 mol% Im; &,

76 mol% Im; B, 83 mol% Im; C, 89 mol% Im; $, 91 mol% Im; %,

93 mol% Im; and !, 94 mol% Im.
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band at 1140 cmK1, which can be attributed to the

phosphonyl group (PaO) of PVPA, [28–33] disappeared

when Im were mixed in the PVPA material. Additionally,

the absorption bands at 904 and 983 cmK1, a symmetric and

an asymmetric vibration of P–O of PVPA, [28–33] also

decreased and disappeared. In contrast, the –PO2–
3 band [28–

33] at 1010 cmK1 increased with the mixing of Im

molecules. These results indicated that P–OH group of

PVPA deprotonates by the mixing of Im and forms the P–

OK group. This structure of P–OK group with deprotona-

tion has been reported for the salt formation of PVPA [28–

30]. On the other hand, the absorption band at ca. 3100 cmK1

with the mixing of Im, the stretching band of N–H group,

[26–34] are relatively increased with the increase of Im in

comparison with the spectrum of pure Im material. Such

phenomena have been reported in polybenzimidazole(PBI)-

phosphoric acid complex, [13,35] PBI-sulfuric acid

complex, [13,35] poly(4-vinylimidazole)-phosphoric

acid complex, [32] and mono-dodecylphosphate (MDP)-

benzimidazole (BnIm) composite material [24] for the

protonation to non-protonated –NZgroup of heterocycle.

These results suggest that P–OH group of PVPA deproto-

nates by the mixing of Im and form the P–OK group. This

free proton interacts with non-protonated –NZ group of Im

molecules. Therefore, the complex of PVPA and Im

produces the acid-base salt, including imidazolium organic

salts, in the acid-base composite material.

3.3. Proton conductivity of PVPA-Im composite material

under anhydrous condition.

Proton conductivities of PVPA-Im composite material

were determined by the a.c. impedance method over the

frequency range 1 Hz–1 MHz under dry-nitrogen flow. So,

the measured impedance indicates a anhydrous (water-free)

proton conductivity of the membranes [24–27]. A typical

impedance response (Cole–Cole plots) of PVPA-Im

materials showed a feature similar to that of highly ionic

conducting membrane, such as Nafionw, organic/inorganic

hybrid membrane doped with heteropolyacids [36–38],

MDP-BnIm composite material, [24] 2-undecylimidazole

(UI)-MDP composite material [25], and uracil-MDP

composite salt [26] (data not shown). The resistances of

composite material were obtained from the extrapolation to

the real axis. In contrast, these composite samples did not

indicate the electronic conductivity at the DC condition.

Additionally, the diffusible ions other than proton have not

existed in the composite materials. Therefore, the impe-

dance responses are due to the pure anhydrous proton

transfer in composite salts.

The proton conductivity was obtained by repeating

measurements on the same sample four times, from room

temperature to 160 8C under anhydrous condition. The

conductivity slightly decreased with the repeating and

reached a steady state at more than three times. The steady-

state conductivities of PVPA-Im composite materials with
different Im mixing amount of (6) pure PVPA material,

(:) 44 mol% Im, (,) 61 mol% Im, (&) 76 mol% Im, (B)

83 mol% Im, (C) 89 mol% Im, ($) 91 mol% Im, (%)

93 mol% Im, and (!) 94 mol% Im composite materials at

various temperatures were shown in Fig. 5. The conduc-

tivity of PVPA-Im composite material increased with the

temperature and reached a maximum conductivity at

150 8C. Fig. 6 shows the steady-state proton conductivity at

150 8C of the composite material as a function of Im mixing

ratios. The conductivity increased with the mixing ratio of Im

and reached a maximum conductivity of 7!10K3 S cmK1

at the mixing ratio of 89 mol% Im under anhydrous

condition. Afterward, the conductivity decreased with the

increase of mixing ratio (O89 mol%). Fig. 7 shows the

Arrhenius plots of proton conductivity for (6) PVPA-

83 mol% Im, (B) K89 mol% Im, and (!) K91 mol% Im

composite materials. The conductivities are plotted almost

on the straight line in all temperatures. The data suggest that

proton conducting mechanism is same for the composite

materials with almost identical activation energy (Ea).

Arrhenius formula was described as follows:

sZA exp
KEa

kBT

� �
(1)

where sZproton conductivity under anhydrous condition,

AZfrequency factor, EaZactivation energy, kBZBoltz-

mann constant, and TZabsolute temperature. Eq. (1) was

transformed to Eq. (2):

ln sZ ln AC
KEa

kBT

� �
(2)

Therefore, activation energy can be estimated from the

slope using an Eq. (2). The activation energy was estimated

to be 0.22–0.34 eV. These values are one order higher than

that of fully swelled Nafion membrane, [39] and almost the

same as other materials, such as solid electrolytes [40–42],



Fig. 6. Change of the steady-state proton conductivities at 150 8C as a

function of Im mixing ratio from 0 to 94 mol%. Proton conductive

measurements were demonstrated under anhydrous condition.

Fig. 8. I–V characteristics of PVPA-89 mol% Im composite materials with

E-TEK Pt/C electrode (Pt loading 20 wt%) at 80 8C cell temperature under

anhydrous conditions. The fuel cell measurement was made by flowing of

dry H2/O2 at 0.1 MPa, H2 100 mL minK1 and O2 100 mL minK1.
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fullerene derivatives (fullerenol), [43,44] UI-MDP compo-

site materials, [25] and uracil-MDP composite salt [26],

reported as anhydrous proton conductors. This result

supports that the proton transporting mechanism in PVPA-

Im composite material is not a vehicular mechanism.
3.4. Performance evaluation in fuel cell

Fuel cell test of PVPA-89 mol% Im composite mem-

brane electrode assembly (MEA) performed under anhy-

drous condition (dry H2/O2). Fig. 8 shows I–V

characteristics of the MEA at 80 8C under anhydrous

condition. The open circuit voltage of approximately

0.75 V is a conventional potential for hydrogen/oxygen

cell and it indicates a small gas permeability through the

membrane. Maximum power density of approximately

10 mW cmK2 was obtained at the current density of

35 mA cmK2 and the cell voltage of 0.3 V. The anhydrous

conductivity of the membrane material can be estimated

from the I–V characteristics of PVPA-89 mol% Im

composite materials, where the slop between 0.25 and

0.45 V represents an ohmic drop in the electrolyte for this

case. Therefore, the calculated substantial anhydrous

conductivity (DC conductivity through the membrane) is
Fig. 7. Arrhenius plots of PVPA-83 mol% Im, PVPA-89 mol% Im, and

PVPA-91 mol% Im composite materials. Solid lines are results of the least-

squares fitting. Activation energies of the proton transfer under anhydrous

condition were estimated from the slope of Eq. (2). Mixing ratios of Im are

6, 83 mol% Im; B, 89 mol% Im; !, 91 mol% Im.
5!10K4–1!10K3 S cmK1 at 80 8C. These values are

almost same as the anhydrous conductivity data from the

impedance spectroscopy (AC conductivity) at 80 8C (Fig.

5). Therefore, the conductivities of Fig. 5 indicate the

substantial anhydrous proton conductivities without the

diffusion of any other foreign charged molecules.
3.5. Proton conductivity of various heterocycle composite

materials

Finally, we demonstrated the difference of proton

conductivity based on type of basic heterocycle. So, we

examined the relation of the acid dissociation constant (pKa

values) of heterocyclic molecules and anhydrous proton
Fig. 9. Proton conductivities of (a) PVPA-Py and (b) PVPA-MeIm

composite materials at 150 8C as a function of heterocycle mixing ratios.

Conductivities indicated the steady-state proton conductivity under

anhydrous condition with the repeating measurement of three times.



Table 1

Maximum proton conductivities of PVPA-heterocycle composite material

and acid dissociation constants (pKa values) of various heterocycle

molecules

PVPA-heterocycle Maximum conducti-

vitya (S cmK1)

pKa value of heterocycleb

pKa1 pKa2

PVPA-Im 7!10K3 7.2 14.5

PVPA-Py 8!10K4 2.5 14

PVPA-Melm 1!10K3 7.4

a Maximum proton conductivity at 150 8C under anhydrous condition.
b Ref. [48].
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conductivity under intermediate temperature. Fig. 9(a) and

(b) shows the steady-state proton conductivity at 150 8C

under anhydrous condition of PVPA-pyrazole (Py) and

PVPA-methylimidazole (MeIm) composite materials,

respectively, with different pKa values. The conductivity

of these composite materials also increased with the mixing

amount of heterocycle molecules. Additionally, at the

mixing ratio of O93 mol%, the proton conductivity

abruptly decreased. Maximum conductivities under anhy-

drous condition were 8!10K4 and 1!10K3 S cmK1 at

PVPA-93 mol% Py and PVPA-91 mol% MeIm composite

materials, respectively. These mixing ratios of heterocycle

are almost as same as PVPA-Im composite material or

sulfuric acid-imidazole material [18]. These results

suggested that the composite materials with 90 mol%

heterocycle are useful for the proton conducting membrane

under anhydrous or extremely low humidity conditions. In

contrast, the anhydrous proton conductivities of pure

pyrazole and 1-methylimidazole molecules could not be

measured by the melting and evaporation at intermediate

temperature.

Nafionw membrane has been used in the PEMFC

technologies under high humidity condition. This mem-

brane is an acid polymer with sulfonic acid groups and the

proton-exchange capacity is approximately 1000. In con-

trast, PVPA is a strong acid polymer with phosphonic acid

groups and the exchange capacity is approximately 50

which is 20 times larger than Nafionw in the proton density.

As a results, the PVPA material has shorter distance of

proton transfer than that of Nafionw and becomes a proton

conducting electrolyte membrane under anhydrous con-

dition. Therefore, the proton conducting mechanism has

proposed as follows: the transport of the proton can occur

from protonated guest molecules to a non-protonated

neighbor host molecule. [45–47] Namely, their protonated

and non-protonated nitrogen in heterocycle may act as

donors and acceptors in proton transfer reactions. In our

experiment, a phosphate group of PVPA and nitrogen atoms

of heterocycle ring can behave as a both proton donor and

acceptor in acid–base complex membrane. In fact, IR

spectra indicated the formation of acid-base salt, such as

imidazolium organic salts. The proton in PVPA-heterocycle

composite materials can be rapidly transferred to neighbor

molecule with small activation energy of 0.22–0.34 eV. On

the other hand, PVPA-heterocycle composite material

showed the maximum proton conductivity at the mixing

ratio of 90 mol% heterocycle. These phenomena are due to

the construction of proton conductive pathway in composite

material. Afterward, the proton conductivity abruptly

decreased since the number of proton donor molecules,

such as protonated heterocycle, decreased at the mixing

ratio of O90 mol%.

Anhydrous proton conductivity of PVPA-heterocycle

composite materials showed differences of approximately

one order of magnitude, depending on the molecular

structure of basic heterocycles. These different
conductivities of composite materials are due to the pKa

value of heterocyclic molecules. The pKa values of

heterocycle molecules [48] and the maximum proton

conductivity at 150 8C under anhydrous condition are listed

in Table 1. The basicity of heterocycle molecules of Im is

larger than that of Py (see the pKa1 value in Table 1).

Clearly, the conductivity of PVPA-Im composite material is

larger than PVPA-Py composite material. These results

suggest that pyrazole molecule with the low basicity do not

act as a proton donor and acceptor in composite material

since the free proton from the PVPA molecule could not

strongly interacts with non-protonated –NZgroup of

pyrazole ring. In contrast, the pKa1 value of MeIm

molecules is as same as that of Im molecules. However,

the conductivity of PVPV-MeIm composite material is

lower than that of PVPA-Im. This phenomenon is due to the

molecular structure of imidazole. The Im molecules have

been reported the construction of molecular cluster,

consisting of approximately 20 molecules, [48] through

the intermolecular hydrogen bonding. As a result, PVPA-Im

composite material might possess fast proton transfer of

inter-heterocycle molecules in the composite material.

However, MeIm molecules do not construct the molecular

cluster with the intermolecular interaction in membrane and

cannot provide fast proton transfer kinetics in inter-

heterocycle molecules. Based on the basicity and clustering

mechanism, PVPA-Im composite material are supposed to

possess the highest proton conductivity of 7!10K3 S cmK1

at 150 8C under anhydrous condition in many different types

of PVPA-heterocycle composite materials. These results

suggest that the basicity and molecular structure of

heterocycle in acid-base composite material are important

factors to obtain the anhydrous proton conductivity at the

intermediate temperature condition.
4. Conclusion

We have investigated the proton conducting properties of

acid-base complex material by mixing of poly(vinylphos-

phonic acid) (PVPA) with high proton exchange capacity

and heterocycle molecules, such as imidazole (Im), pyrazole

(Py), and 1-methylimidazole (MeIm). The PVPA-heterocycle
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composite electrolyte showed a large proton conductivity of

7!10K3 S cmK1 at 150 8C under anhydrous condition.

Additionally, the thermal stability of the composite material

has been increased by the mixing of heterocycle molecule.

The temperature dependence of the proton conductivity

indicated the Arrhenius type behavior with an activation

energy of 0.22–0.34 eV, which suggest the mechanism

without the presence of vehicle molecules such as water.

Furthermore, the fuel cell test of PVPA-Im composite

material using a dry H2/O2 showed the power density of

approximately 10 mW cmK2 at 80 8C under anhydrous

conditions. The acid–base composite material may have

potential not only for the polymer electrolyte membrane

fuel cells (PEMFC) operated at intermediate temperature

under anhydrous (water-free) or extremely low humidity

conditions but also for electrochemical devices including

electrochromic displays, chemical sensors, and others.
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