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ABSTRACT: An ionic-liquid-doped poly(benzimidazole) (PBI) proton-conducting membrane for an anhydrous H,/Cl, fuel
cell has been proposed. Compared with other ionic liquids, such as imidazole-type ionic liquids, diethylmethylammonium

trifluoromethanesulfonate ([dema][TfO]) showed better electrode

reaction kinetics (H, oxidation and Cl, reduction reaction at

platinum) and was more suitable for a H,/Cl, fuel cell. PBI polymer and [dema][TfO] were compatible with each other, and the
hybrid membranes exhibited high stability and good ionic conductivity, reaching 20.73 mS cm™" at 160 °C. We also analyzed the
proton-transfer mechanism in this ionic-liquid-based membrane and considered that both proton-hopping and diffusion
mechanisms existed. In addition, this composite electrolyte worked well in a H,/Cl, fuel cell under non-water conditions. This
work would give a good path to study the novel membranes for anhydrous H,/Cl, fuel-cell application.

KEYWORDS: ionic liquid, poly(benzimidazole), polymer composite

B INTRODUCTION

A fuel cell is an excellent alterative to an internal combustion
engine, particularly because of its ecofriendly nature and high-
energy utilization efficiency.! Although comparatively less
popular than the H,/O, polymer electrolyte membrane fuel
cell (PEMFC), the H,/Cl, fuel cell was reported as an
alternative in the early 1920s in the chlorine—alkaline industry,
space applications, and regenerative systems for energy
storage.z’3 In marked contrast to the H,/O, fuel cells, in
which sluggish oxygen reduction kinetics leads to substantial
activation overpotential, H,/Cl, fuel cells are able to operate
with little activation loss associated with the chlorine electrode
because of relatively facile chlorine redox kinetics.** In the H,/
Cl, fuel cells, owing to the high hydrophilicity of the product
hydrogen chloride, most of the water will be removed from the
cell, and this causes an increase in the membrane resistance and
a decrease in the cell performance. In general, the resource is
keeping chlorine gas dissolved in hydrochloric acid’™'® or
applying a composite aqueous acid/Nafion electrolyte.”'"">
However, hydrochloric acid dramatically results in the
corrosion of materials, and the cell performance is restricted
by mass-transport limitation due to the limited solubility of
chlorine in the acid. Hence, the best strategy should be to
minimize the existence of liquid water. A phosphoric-acid-
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membrane, nonhumidified fuel cell

doped poly(benzimidazole) (PA/PBI) composite membrane
was excellently suitable for high-temperature H,/O, fuel cells
under anhydrous conditions."”'* However, Thomassen et al.
found that phosphoric acid was polymerized to pyrogphosphoric
acid or higher oligomers in the H,/Cl, fuel cell,” drastically
decreasing the membrane conductivity because hydrogen
chloride forced water to be removed from the PBI/H;PO,
membrane during fuel-cell operation.

Ionic liquids (ILs) have received much attention because of
their low vapor pressure, wide electrochemical windows, high
chemical and thermal stability, and good ion conductivity.>~"”
Therefore, IL-based solid electrolytes were widely studied for
high-temperature anhydrous fuel cells.'®~>¢

Considering the above unique properties of ILs and the
special operation conditions of the H,/Cl, fuel cell, recently we
first proposed a totally new design for the H,/Cl, fuel-cell
application,”” employing a superabsorbent material absorbing
IL to form a proton-conducting membrane. This electrolyte
membrane worked well in the H,/Cl, fuel cell under non-water
conditions. However, IL was only physically absorbed in the

Received: October 22, 2013
Accepted: February 3, 2014
Published: February 3, 2014

dx.doi.org/10.1021/am404645c | ACS Appl. Mater. Interfaces 2014, 6, 3195—3200


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

membrane matrix. To further improve the stability of the
composite membrane, solving the problem of IL leaching is a
major consideration.

In this work, we prepared the PBI/diethylmethylammonium
trifluoromethanesulfonate ([dema][TfO]) composite mem-
branes with high retention of the IL and studied the
characterization of the membrane and IL for the H,/Cl, fuel
cells under nonhumidified conditions.

B EXPERIMENTAL SECTION

Materials. Poly(phosphoric acid) (PPA; 80% P,O;), P,O (98%),
and triphenyl phosphate (TPP; 98%) were chemically pure
commercial products. 3,3’-Diaminobenzidine (DABD; 99%, Aldrich)
and isophthalic acid (IPA; 98%, Aldrich) were dried at 120 °C before
the reaction. ILs were all obtained from Lanzhou Institute of Chemical
Physics, CAS. N,N-Dimethylformamide (DMF; >99%) was supplied
by Tianjing Fuyu Chemical Ltd., China.

Fabrication of PBI/IL Composite Membranes. PBI was
synthesized as reported in refs 28 and 29 according to Scheme 1la.

Scheme 1. (a) PBI Synthesis Route and (b) Chemical
Structure of [dema][TfO]
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The membrane was prepared by the solution-casting method as
follows: the homogeneous solution including IL, PBI resin, and DMF
was cast on a glass matrix and dried at 80 °C for 24 h. The membranes
were named PBI/[dema][TfO]x, where x was the IL content (wt %)
in the composite membrane.

Electrochemical Characterization. The behavior of H, oxidation
reaction (HOR) and Cl, reduction reaction (CIRR) in an IL was
studied by a cyclic voltammetry (CV) method* at 120 °C under a N,,
H,, or Cl, gas atmosphere. Platinum wire, silver wire, and platinum
sheet were used as the working, reference, and counter electrodes,
respectively. The CV curves were recorded at a rate of 20 mV s~ using
an CHI600C electrochemical workstation.

The effect of IL on the activity area of the Pt/C catalyst was
evaluated as our early report (details are given in the Supporting
Information, SI).*’

Characterization. Fourier transform infrared (FTIR) was
conducted using a spectrometer (Avatar 370 ESP).

The ionic conductivity of the IL was tested by a conductivity meter
(DSA-11, Shanghai LEI-CI Co. Ltd., China) at different temperatures.
To minimize experimental error, the measurement system was
thermally stable at each temperature for 3 h before the measurements.

The conductivities of the hybrid membranes were measured by the
alternating-current impedance method as in our previous work.”

Differential scanning calorimetry (DSC) was carried out on a Seiko
Instrument DSC 811 under a N, gas atmosphere. The sample was
heated to 150 °C, then cooled to —60 °C, and heated again to 150 °C
at rate of 10 °C min™".

The thermal stability was measured by thermogravimetric analysis
(TGA; STA449F3, Netzsch, Germany) at rate of 10 °C min~" under
an air atmosphere.

Membrane Electrode Assembly (MEA) Fabrication. The
ionomer—PBI gas diffusion electrode (GDE) was used in this study,
which was prepared as reported previously29 (details in the SI). A
membrane was sandwiched between two GDEs to form MEA with an
active area of 5 cm*

Single-Cell Tests. Dry H, and Cl, gases were supplied to the fuel
cell at ambient pressure. The fuel-cell polarization curve was
determined by using an electronic load PLZ-SOF (Kikusui, Japan),
and the current density response to various cell voltage levels was
monitored until steady-state conditions. The hydrogen-permeation
current density at 120 °C was measured by applying a positive voltage
(0.25 V vs NHE) at the cathode (while flushing it with nitrogen),
oxidizing the hydrogen that permeated from the anode to the cathode.

B RESULTS AND DISCUSSION

As candidates for the fuel-cell electrolytes, many kinds of ILs
were considered,'®2%%°732 guch as pyridine-, imidazole-, and
amine-based ILs. The imidazole-based ILs were most
intensively investigated.”>**~*” However, most of them have
not provided fuel-cell performance, and a few of the papers
gave the highest cell current density of less than 10 mA cm™
and low open-circuit voltage.*® To better understand the ILs as
H,/Cl, fuel-cell electrolytes, we focused on the HOR and CIRR
at platinum in the ILs. Typical results were shown in Figure 1
(more results in Figures S1—S4 in the SI). When hydrogen was
into the IL [dema][TfO], a HOR current sharp appeared at
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Figure 1. (a) CV curves for HOR and CIRR in [dema][TfO] at 120
°C under nonhumidification conditions. (b) CV curves of a blank Pt/
C electrode and a Pt/C electrode dyed with [dema][TfO].
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about —0.940 V (Figure la; this value was shifted to more
negative than that reported by Walsh et al,*® possibly because
of the different test system), clearly demonstrating that it
supported activity H, oxidation in [dema][TfO], as reported by
Watanabe et al.”’ While a striking difference was seen for other
ILs, there was more overpotential (Figure Sla—S4a in the SI).
When chlorine gas was bubbled into [dema][TfO], it could
obviously see a CIRR current at about 0.574 V. It should be
noted that the Cl, reduction rate in [dema][TfO] was generally
greater than that in other ILs, which can be seen from the
higher onset potential and slope of the polarization curve
(Figures S1—S4 in the SI). These illuminated that [dema]-
[TfO] gave the best results for the facile H, oxidation and Cl,
reduction. As shown in the effect of ILs on the activity of
platinum (Figures 1b and S1b—S4b in the SI), the less effect of
[dema][TfO] on the platinum activity area,”” compared with
other ILs, appeared to be responsible for the better electrode
performance.

In the experiment, we evaluated many polymers, such as
Nafion, poly(vinylidene fluoride) and sulfonated poly(ether
ether ketone), and found that PBI polymer showed the best
compatibility with [dema][TfO]. Transparent, yellowish, free-
standing, and flexible composite membranes (Figure 2) were
obtained.

Figure 2. Photograph of the PBI/[dema][TfO]83 composite
membrane.

The FTIR spectra are revealed in Figure 3. The PBI film
exhibited characteristic absorption bands at 1668 and 3014—
3370 cm™' due to the group of C=N and N—H stretching
vibrations, respectively. In addition, the absorption band at
1453 cm™' was assigned to the stretching modes of the
imidazole ring (C—C). Similar to the PBI membrane, the PBI/
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Figure 3. FTIR spectra of membranes and [dema][TfO].

[dema][TfO] composite membrane also exhibited a peak at
3014—3370 cm ™" and the intensity of the peak did not change,
illuminating no bonding between [TfO]~ of [dema][TfO] and
the N—H group of the PBI matrix.** However, with an
increased amount of [dema][TfO], the intensity of the
stretching vibrations of C=N at 1668 cm™" and the imidazole
ring at 1453 cm™' decreased, indicating that there may be a
strong interaction between C=N of PBI and H-N from the
ammonium cations of [dema][TfO] and imide groups at the
imidazole may be protonated by the IL. This interaction mode
was different from that reported by Scott et al.>* and Wang and
Hsu.** The spectrum of [dema][TfO] showed various
characteristic peaks associated with the IL structure. The peak
at around 1033 cm™ most likely resulted from the symmetric
stretching vibration of the O=S=0 group. The slight peak at
2515 cm™! might be from the N*—H bond stretching vibration.
Two peaks at 2815 and 3071 cm™' were C—H of the alkyl
group stretching vibration. These characteristic peaks of
[dema][TfO] also showed in the PBI/[dema][TfO] composite
membranes.

The thermal stability was investigated by TGA, as shown in
Figure 4. The 5% and 10% weight losses of the PBI membrane
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Figure 4. TGA curves of composite membranes and [dema][TfO].

occurred at temperatures of about 125.67 and 23040 °C,
respectively. The decomposition temperature of PBI was lower
than that reported in the literature,” which may be due to the
little solvent residues during the synthesis of PBI and the bound
water in the membrane. However, the composite membranes
showed higher degradation temperature with the addition of
[dema][TfO], which were all over 200 °C. This was because of
the high thermal stability of [dema][TfO]. All of the composite
membranes exhibited greater thermal stability than that of the
PBI/H;PO, system; the latter was decomposed to H,P,0O, at
160 °C.*' The above results illuminated that the prepared
membrane had enough thermal stability to be used at high
temperature (100—200 °C).

As shown in the DSC thermograms (Figure $), the
endothermic peak representing free [dema][TfO] meltlng
was not found in the membranes including 33 wt %, 50 wt %,
and 67 wt % [dema][TfO]. This indicated that the IL and PBI
polymer matrix fully interacted with each other (as described in
the FITR). However, the peak began to appear when the IL
content further increased, which demonstrated that a little free
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Figure S. DSC thermograms for the IL and membranes.

IL remained inside the structure of the PBI film at the higher
[dema][TfO] content.

The ionic conductivity (6) of composite membranes and
pure [dema][TfO] under anhydrous conditions is shown in
Figure 6a. It can be seen that [dema][TfO] had high
conductivity, which reached up to 70.50 mS cm™ at 160 °C

0
(@ 1
pure [dema][TfO]
-1
10 3 u [ ] = = P
L o
- |
102 3 ;
& § § H g § i »
wn 10‘31 - i
=
g
210
£ * <« 4
3 + +
8 10°4 <« PBI-[dema][TfO]50 -* +
O ¥ PBI-[dema][TfO]67
10°] A PBIldema)(TIO]7S
1 e PBI-[dema][TfO]80
» PBI-[dema][TfO]83
107 T T T T T
22 24 26 2.8 3.0 32
1000 T/ K
N %\\t\‘\*
N ‘:%E
-8 4
o 10 ‘\‘\
Q
W 30
= 121z,
= 3, PBI/[dema][TfO]50
14 % PBI/[dema][TfO]67
i PBI/[dema][TfO]75
16dl 2 PBI/[dema][TfO]80
2 PBI/[dema][TfO]83
18 b/— 717
23 24 25 26 27 28 29 30 31
1000 T/ K

Figure 6. (a) Variation of the conductivity of the IL and membranes at
different temperatures. (b) Curve of In ¢ vs 1/T (inset picture:
activation energy of different composite membranes).
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and still remained at 10.15 mS cm™ at 30 °C. The PBI/
[dema][TfO]33 and PBI/[dema][TfO]50 membranes ex-
hibited low conductivity (<10* S cm™ even at 160 °C; the
date of the PBI/[dema][TfO]33 membrane was lower and is
not shown), while the membranes exhibited reasonably high
conductivity (>10% S cm™ at 40 °C) when the [dema][TfO]
content was further increased. Very high conductivity at a high
content of the IL may be explained by enhanced free ionic
mobility in the membrane matrix** and forming well-developed
ionic channels. PBI/[dema][TfO] composite membranes
prepared in this study showed conductivity comparative to
that of reported membranes (Table S1 in the SI), suggesting
that the composite membranes could be promising candidates
for high-temperature application under anhydrous conditions
such as PEMFC.

To obtain further information about the proton-transport
mechanism, we studied the activation energy of different
composite membranes. As shown in Figure 6b, the relationship
between the temperature and conductivities met the Arrhenius
law as follows:

Ea
0 = 0y €Xp —E

where E, is the activation energy, kJ mol™}; ¢ is the
conductivity, S cm™'; R is the universal gas constant (8.314 ]
mol™ K™'), and T is the absolute temperature, K.

It can be seen that the addition of [dema][TfO] decreased
the E, value because of the enhanced free ionic mobility. The
calculated E, values ranged from 14 to 27 kJ mol™", which was
between the activation energy of the Grottuss mechanism,
ranging from 14 to 40 kJ mol~},* implying that the form of
proton transfer in this IL-based membrane could be dominated
by this mechanism. One possible hypothesis is that the H-N
bond from the ammonium cation of [dema][TfO] could
interact with the C=N bond of PBI and proton conduction
probably involves transfer from ammonium to C=N to C=N
to amine, etc. However, with a higher content of [dema][TfO],
the presence of free IL in the membrane was observed by DSC
and these free IL can improve the ion conductivity. As we
know, the water-swelled electrolyte membrane has two kinds of
proton-transfer mechanisms, namely, proton hopping (Grot-
thuss mechanisms) and diffusion (vehicular mechanisms).** In
this case, proton transport might have occurred by both of the
two mechanisms. When the content of [dema][TfO] was
lower, proton transport might have occurred predominantly by
hopping mechanisms, and via diffusion was restricted, because
the free IL in the membrane facilitating proton diffusion was
limited. This situation was similar to proton transport in water-
swelled electrolyte membranes under low-humidity conditions.
With a higher content of [dema][TfO], there existed free protic
IL, which could be used as a proton conductor to improve the
conductivity (vehicular mechanism). Figure 7 gives a schematic
diagram of ion conduction hypothesis in the composite
membrane.

Figure 8 presents the conductivity changes of composite
membranes with time. Contrary to that reported in the
literature,”*** the conductivity did not decrease dramatically.
After 400 h, the conductivity of PBI/[dema][TfO]80 and PBI/
[dema][TfO]83 composite membranes only reduced by 18%
and 10%, respectively. The conductivity was still sufficient for
anhydrous requirements at high temperature. This was because

(1)
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Figure 7. Hypothesis of ion conduction in the IL-based membrane.
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Figure 8. Time-dependent proton conductivities of composite
membranes at 120 °C.

most of the IL was entrapped in the polymer matrix by the
ionic interaction described above.

The H,/Cl, fuel cell prepared using a PBI/[dema[TfO]83
hybrid membrane with a thickness of 80 ym was operated at
120 and 140 °C without humidification. As shown in Figure 9,
the cell gave the highest power density of 26.50 and 29.64 mW
ecm™ at 120 and 140 °C, respectively. We also tested the
hydrogen-permeation current density of the hybrid membrane,
and it was only 0.4 mA cm™?, which was lower than that of the
Nafion membrane.

In H,/O, PEMFC, some reports’® suspected that a small
amount of the IL was leaked into the catalyst and formed the
proton-conducting path with the water generated during the
operation. However, in the H,/Cl, fuel cell, there was no water,
so the platinum catalyst was not fully utilized. Furthermore, the
adhesion between the membrane and GDE was not sufficient at
present. To solve these problems, optimization of the GDE
structure and the three-phase reaction zone was necessary.

B CONCLUSIONS

In this work, an IL-based proton-conducting membrane was
proposed and designed for H,/Cl, fuel cells. [dema][TfO]
showed good thermal property, high ionic conductivity, and
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Figure 9. Polarization curve of an anhydrous H,/Cl, fuel cell using the
PBI/[dema][TfO]83 composite membrane at different temperatures.

good hydrogen and chlorine electrode kinetics. A PBI/
[dema][TfO] composite membrane was prepared with good
thermal and chemical stabilities, processability, and high
conductivity. The Grotthuss and diffusion mechanism of
proton transport may exist together in this composite
membrane. Although the performance of the H,/Cl, fuel cell
still needs to be improved, we believe that our work provides an
effective way for the development of a novel proton-conductive
membrane for H,/Cl, fuel-cell application.
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