Elsevier Editorial System(tm) for International Journal of Hydrogen Energy
Manuscript Draft

Manuscript Number: HE-D-15-00919R1

Title: Sulfonated Poly(2,5-benzimidazole) (ABPBI)/ MMT/ lonic Liquids Composite Membranes for
High Temperature PEM Applications

Article Type: SI: The CARISMA conference (Pollet)

Section/Category: Fuel Cells & Applications

Keywords: Composite materials; ionic liquids; mechanical properties; high temperature PEMFC
Corresponding Author: Dr. Xujin Bao, Ph.D

Corresponding Author's Institution: Loughborough University

First Author: Fan Zhang, PhD

Order of Authors: Fan Zhang, PhD; Xujin Bao, Ph.D; Qingting Liu, PhD

Abstract: The effect of nanoclay cloisite Na+ on the mechanical and conductive properties of ionic
liquids (ILs) doped sulfonated ABPBI (SABPBI) composite membranes for high temperature proton
electrolyte membrane (PEM) applications were investigated in this report. The composite SABPBI
membranes with well-dispersed cloisite Na+ showed great improvement in mechanical properties
with the increase of over 90% in ultimate tensile strength and 40% in Young's modulus, respectively,
compared with those of pristine ABPBI membrane. The ILs absorption was also incraesed due to the
incorporation of well-dispersed cloisite Na+, resulting in significant increase in the ionic conductivities
of SABPBI membranes at the temperatures above 100°C. The highest conductivities were 4.0x10-2
S/cm at 220°C for [HMIM]CI doped 3wt% SABPBI composite membranes (doping level 1.32), and
9.6x10-3 S/cmx10-3 S/cm at 220°C for [TMG][BF4] doped SABPBI composite membranes (doping
level 1.37), respectively.



*Suggested Reviewers

Suggested reviewers:

Professor Keith Scott

Department of Chem Eng and Adv Materials
Newcastle University

Newcastle upon Tyne, UK

Keith Scott keith.scott@newcastle.ac.uk

Professor Qingfeng Li

Section of Proton Conductors

Department of Energy Conversion and Storage Kemitorvet B207, Room 064 Technical University of
Denmark

DK-2800 Lyngby, Denmark

Qingfeng Li gfli@dtu.dk


mailto:keith.scott@newcastle.ac.uk
mailto:qfli@dtu.dk

Graphical Abstract (for review)

Graphical Abstract

Z

N —
th, BN
(a) (b) (c) (d)
¢ O = 4B
Water lonic channel Clay Polymer




Figure

Figure 1

0.0 0.0 0.0 0.0
N O N O NN O A O
MO~ N5 Onel” N s Yo s i

|
I 0
%0 S

| [ H z, | H | H i !



Figure

Bu
A\~ \N/\N/

N N ¥ \/\/CI 1-chlorohexane ®
\__/ N2,60°C, 72hrs \_/ cr




Figure

Figure 3

NH,"

NH F
\N)LN/ + HBF, —> \NLN/ F_é—_F
. .

I
F



Figure

Figure 4

Intensity / Arbitrary Units

1600

1400

1200

1000

800

600

400

200

— cloisite Na+

—— 0% Cloisite Na+
—— 1% Cloisite Na+
——— 3% Cloisite Na+
—— 5% Cloisite Na+
—— 10% Cloisite Na+

NS

2 Theta / Degrees



Table

Tables

Table 1 Activation energy of conductivities of [HMIM]CI doped ABPBI membranes with various cloisite

Na* contents

Activation energy (E;) Temperature range (T)

Membrane (kJ/mol) °C)
Owt% ABPBI — 0.91 [HMIM]CI 53.4 50~220
1wt% ABPBI — 0.80 [HMIM]CI 335 50~220
3wt% ABPBI — 1.32 [HMIM]CI 31.9 50~220
5wt% ABPBI — 1.07 [HMIM]CI 35.3 50~220

10wt% ABPBI — 0.70 [HMIM]CI 50.5 50~220




Table

Table 2

Table 2 Activation energy of conductivities of [TMG][BF,] doped ABPBI membranes with various cloisite
Na* contents

Activation energy (E,) Temperature range (T)

Membrane (kJ/mol) °C)
Owt% ABPBI - 0.56 [TMG][BF,] 48.5 170~220
1wt% ABPBI - 0.79 [TMG][BF4] 24.5 90~220
3wt% ABPBI - 1.37 [TMG][BF,] 26.3 90~220
5wt% ABPBI — 0.58 [TMG][BF,] 27.9 90~220

10wt% ABPBI — 0.40 [TMG][BF.] 39.3 90~220
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Abstract

The effect of nanoclay cloisite Na* on the mechanical and conductive properties of
ionic liquids (ILs) doped sulfonated ABPBI (SABPBI) composite membranes for high
temperature proton electrolyte membrane (PEM) applications were investigated in
this report. The composite SABPBI membranes with well-dispersed cloisite Na*
showed great improvement in mechanical properties with the increase of over 90% in
ultimate tensile strength and 40% in Young’s modulus, respectively, compared with
those of pristine ABPBI membrane. The ILs absorption was also incraesed due to the
incorporation of well-dispersed cloisite Na®, resulting in significant increase in the
ionic conductivities of SABPBI membranes at the temperatures above 100°C. The
highest conductivities were 4.0x102 S/cm at 220°C for [HMIM]CI doped 3wt%
SABPBI composite membranes (doping level 1.32), and 9.6x10® S/cmx107® S/cm at
220°C for [TMG][BF,4] doped SABPBI composite membranes (doping level 1.37),

respectively.

Keywords: Composite materials; ionic liquids; mechanical properties; high

temperature PEMFC
1. Introduction

Fuel cells are devices that convert chemical energy directly into electric energy with
low emission or even zero emission [1]. Proton exchange membrane (PEM) is one of
the most important parts for a proton exchange membrane fuel cell, as it largely

determines the functionality of the entire fuel cell [2]. Currently, various PEM
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systems that can operate at high temperatures (above 120°C) are being developed [3],
as a higher operation temperature of PEM provides improved CO (impurity) tolerance
of the electrodes, simplified water management system, enhanced electrochemical

kinetics and effective thermal management [4].

Poly(2,5-benzimidazole) (ABPBI) is a useful polymer from Polybenzimidazole (PBI)
family, which has high thermal stability, good mechanical properties and low
methanol crossover [5]. lonic liquids (ILs) are salts that exist in liquid state at room
temperature, which are composed of bulky, asymmetric organic cations and anions [5].
Their excellent thermal stability and high ionic conductivity make them very
suitable to be used in high temperature PEM applications [6][7][8][9][10]. By now,
several PBI/ILs systems have been prepared and showed good ionic
conductivities[5][11][12][13]. However, for all of these systems, ILs were
incorporated into the polymer matrix by mixing ILs with the polymer solutions before
casting into membranes, or by being absorbed by porous PBI matrix [14]. The
researches on mixing ILs with fabricated dense PBI, which allows the fine turing of

individual properties of both conducting medium and polymer matrix, are rare.

In our previous research, a new method to incorporate ILs into ABPBI polymer
membrane was developed [15], in which a sulfonated ABPBI membrane was
synthesised to  improve the compatibility —with ILs. Two ILs,
1-Hexyl-3-methylimidazolium chloride (I[HMIM]CI) and
1,1,3,3-Tetramethylguanidine tetrafluoroborate ([TMG][BF4]), were used as the
conducting medium. It was found that the sulfonation process greatly improved the IL
doping levels as well as their corresponding ionic conductivities, making this
sulfonated ABPBI/ILs membrane system to be a promising candidate for high

temperature PEMs applications [15].
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Fig. 1 Structure of MMT nanoclay (Cloisite Na®)

Cloisite Na*, which is a Montmorillonite (MMT) sodium nanoclay (Fig. 1), was used
as a nano filler to reinforce ABPBI membrane, due to its high aspect ratio and low
price [16][17]. It was reported that sulfonated MMT was used to balance the ionic
conductivity and mechanical properties of the composite membranes[18,19]. In this
paper, MMT incorporated sulfoanted ABPBI composite membranes are prepared and
the effects of the cloisite Na’ nanoclay on the mechanical properties, ILs doping
levels and ionic conductivities are investigated. The mechanism of the ionic

conductivity of the new composite membrane is also discussed.
2. Materials And Methods

2.1. Materials

2.1.1. Chemicals

3,4-Diaminobenzoic acid (DABA), phosphorus pentoxide (P.Os), sulfuric acid,
1-methylimidazole, 1-chlorohexane, cyclohexane, 1,1,3,3-Tetramethylguanidine,
fluoroboric acid and ethyl acetate were purchased from Sigma-Aldrich Co, UK.

Methanesulfonic acid (MSA) was purchased from Fisher Scientific, UK. All



chemicals were used directly for the synthesis without further purification.

2.1.2. Membrane casting

ABPBI was synthesised using the method reported by Kim et al [2]. The viscous
ABPBI/MSA solution was casted onto a glass plate with a doctor blade [20]. The
solution was then quickly washed by plenty of deionized water. After about 1 minute,
a piece of translucent membrane was obtained. The thickness of the resulted
membrane was controlled by adjusting the gap between the blade and the plate, as

well as the concentration of the ABPBI/MSA solution.

2.1.3. Sulfonation of ABPBI membranes

As reported by Asensio et al [21], ABPBI membranes were soaked in 98wt%
H,S04/H,0 solution (10:90 by volume) for 24 hours, dried at 100°C and heat treated
using a furnace at 450°C for 5 minutes. They were then washed in deionized water for

2 hours and dried again.

2.1.4. Synthesis of [HMIM]CI

For the preparation of 1-Hexyl-3-methylimidazolium chloride ([HMIM]CI) (Fig. 2),
1-Methylimidazole (16.4g, 0.2mol) and 50mL anhydrous cyclohexane were added
into a 250mL three-neck round bottom flask with a reflux condenser. After applied
with nitrogen gas and cooled in an ice-bath, 1-chlorohexane (29.5g, 0.24mol) was
added dropwise into the vigorously stirred mixture. After refluxing at 60°C for 72
hours, the hot mixture was poured into a separating funnel. A viscous,
light-yellow-color product was obtained. The product was then washed twice with
ethyl acetate, and the solvent was removed using a rotary evaporator at 70°C. After
dried in a vacuum oven at 70°C for 24 hours, pure [HMIM]CI was obtained, with a

yield of 55.4%.
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2.1.5. Synthesis of [TMG][BF4]

1,1,3,3-Tetramethylguanidine tetrafluoroborate ([TMG][BF,s]) was synthesised by
mixing 1,1,3,3-Tetramethylguanidine (23.0g, 0.2mol) and fluoroboric acid (17.6g,
0.2mol) in a 100mL flask placed in an ice bath for 24 hours (Fig. 3). The un-reacted
componds and solvent were removed using a rotary evaporator at 70°C. After dired in

a vacuum oven at 70°C for 24 hours, pure [TMG][BF,4] was obtained with a yield of

72.8%.
NH NH" F
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Fig. 3 Synthesis of [TMG][BF,]
2.2. Characterisations

An X-ray diffraction measurement device (D2 Phaser, Bruker) was used to charaterise
the dispersion of nanoclay in the ABPBI matrix. The wavelength of the incident ray
was 1.54A, and the scanning range 20 was from 1° to 25°. The mechanical properties
of the ABPBI and ABPBI/MMT composite membranes were measured using a
universal tensile test machine (Model Lr50K, Lloyd Instrument, UK). The samples
were prepared according to ASTM D638 (gauge length 10mm, width 2.5mm,
crosshead speed 50mm/min and load cell 1.0kN). A field emission gun scanning
electron microscope (FEGSEM), (Carl Zeiss, 1530V) was used in conjunction with

energy dispersive X-ray (EDX) to perform the membrane surface characterisation and



elemental analysis.

The ionic liquid doping levels were directly determined by measuring the weights of
the membranes before (m;) and after (m,) doping in the ionic liquid, and was obtained

from the relation:

(m,—m,)/175

[HMIM]C] doping level = m /116

(m,—m,)/202
m,/116

[TMG][BF,] doping level =

175, 202 and 116 represent the relative molecular mass of [HMIM]CI, [TMG][BF4]

and the repeat unit of ABPBI, respectively.

The impedance of the membranes was measured using electrochemical impedance
spectroscopy (EIS), where a Solartron Analytical 1280 electrochemical measurement
unit (1280 EMU, Solartron Analytical Ltd.) was employed. The frequency range was
1M to 100Hz and the AC amplitude was 100mV. The samples were sandwiched
between two circular platinum (Pt) electrodes (diameter 2.00mm, purity 99.95%,
Goodfellow Cambridge Ltd.), and were fixed firmly into a PTFE cell with two springs.
A piece of pressure indicating film (Pressurex®) was used to measure the compression
pressure applied on the membrane, which was between 350 psi and 1400 psi. The cell
was then placed into a tube furnace to conduct the impedance measurement at
elevated temperatures. The proton conductivity (o) of an electrochemical cell can be

calculated by the equation
o=d/(RxA)

where d is the distance between two electrodes, i.e. the membrane thickness in this

case, cm; R is the bulk resistance of the sample with the unit Q; A is the contact area,

cm?.



3. Results And Discussions
3.1. Dispersion of cloisite Na" in ABPBI polymer matrix

Figure 4 shows the x-ray diffraction spectra of cloisite Na* powder, pristine ABPBI
and their composite membranes. A sharp peak at 7.16° was found in the spectrum of
cloisite Na* powder, which suggested the presence of layered structure with a
d-spacing calculated to be 1.23nm. The broad peak at around 9.23° was resulted from

the amorphous ABPBI structure.
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Fig. 4 the XRD spectra of cloisite Na* powder, and ABPBI / Cloisite Na* composite membranes

In the spectrum of 1wt% cloisite Na* incorporated ABPBI membrane, a small peak at
5.94° indicates the presence of cloisite Na* in the composite membrane. Compared to
the cloisite Na* powder, this peak in 1wt% membrane shifts to the lower diffraction
angles, suggesting that the distance between layers is expanded as polymer chains are
intercalated into the structure. The d-spacing of this intercalated nanoclay increased to

1.49nm.

No obvious peak was found in the spectrum of 3wt% cloisite Na" incorporated



ABPBI membrane, indicating a good dispersion and exfoliation of clays in the
polymer matrix was achieved. The ABPBI crystalline peak also disappeared due to
the hindrance effect of nanoclay on the formation of crystalline structure of the

polymer.

The spectra of 5wt% and 10wt% membranes looked quite identical. Compared to
cloisite Na* powder, the composite membranes showed a major peak at lower angle
around 6.65° and an overlapped small peak at the same angle of nanoclay. The
corresponding d-spacing for the lower angle is 1.33 nm, which is attributed to the
intercalation of the clays. The small peak at 7.16° indicates that agglomerates form in

the 5wt% and 10wt% membranes.

Fig. 5 shows the EDX map of Silicon in the composite membranes, which is a
characteristic element in Cloisite Na* and can be used to characterise the dispersion
and distribution of the nanoclays in polymer matrix. An uniform distribution and
dispersion of Si element in the membranes with (a) 1 wt% and (b) 3 wt% nanoclay
content, indicating good dispersions of nanoclay in the polymer matrix. An obvious
agglomeration of nanoclays can be observed in (c) 5% and (d) 10% membranes.
These EDX mappings are supporting the XRD results, which indicate that ABPBI
membrane with 3% Cloisite Na" possesses the best degree of exfoliation and good
dispersion of nanoclay in the polymer matrix, which is critical for the improvements

of the properties of composite membranes.

3.2. Mechanical properties of the ABPBI and ABPBI/cloisite Na® composite

membranes

The ultimate tensile strength and Young’s modulus of ABPBI membranes with
various cloisite Na™ contents were measured by tensile tests and the results are shown

in Figure 6.
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Fig. 5 EDX mappings of Si in composite membranes with (a) 1 wt%, (b) 3 wt%o, (c) 5 wt%

and (d) 10 wt% Cloisite Na*

The ultimate tensile strength (UTS) of pristine ABPBI membrane was 46.4(+16.4)
MPa. The UTS of the composite membranes was increased with the increase of
nanoclay content, and reached the maximum of 88.8 (£25.3) MPa at the clay content
of 3wt%. A decrease of the UTS was observed when more clays were added, which
was mainly due to the aggregation of the nanoclays. The Young’s modulus of the
composite membranes showed the same tendency as the UTS. The 3wt% membrane
showed the highest modulus of 1.74 (£0.45) GPa compared with 1.30 (+0.38) GPa for
pure ABPBI membrane. The lowest Young’s modulus of 0.95(+0.16) GPa was

observed for the 10wt% composite membrane.
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Fig. 6 The ultimate tensile strength and Young’s modulus of ABPBI and composite membranes

with different cloisite Na* contents

Both the maximum UTS and Young’s modulus was achieved by the composite
membrane with 3wt% nanoclay, which was attributed to the good dispersion of
nanoclay in the polymer matrix. XRD results in section 3.1 showed that the best
exfoliation was observed in 3wt% cloisite Na* ABPBI composite membrane and the
clays were evenly dispersed in the polymer matrix. The uniformly dispersed
nanoclays not only introduce increased volume fraction of nanoclays, which possess
much higher strength than the polymer matrix, resulting in enhanced strength and
modulus but also the local stress from the matrix can be transferred to rigid exfoliated
nanoclay to interrupt and delay the propagation of micro-cracks by stress distribution
due to its high aspect ratio, leading to improved tensile strength. Additionally, the
hydroxyl groups on cloisite Na* can interact with ABPBI polymer chains to form
hydrogen bonding with the secondary amine groups of ABPBI, improving the
compatibility between the fillers and matrix, leading to enhanced mechanical

properties of the composites.



3.3. Effects of nanoclay content on ILs absorption

The IL doping level of sulfonated ABPBI membranes with different nanoclay contents
is presented in Fig 7. It can be seen that as the nanoclay content increases, the IL
doping levels increase and reached to the maximum when the nanoclay percentages
reaches to 3wt%, which can be attributted to formations of hydrogen bonds or ionic
interactions between the hydroxyl groups on the nanoclay and nitrogen in ionic
liquids as shown in Fig 8. A further increase of the clay content results in the decrease

of doping levels of the ionic liquids.
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Fig. 7 The ILs doping levels of membranes with different nanoclay content

As shown in Figure 7, the ILs doping level of 0.79 for 1wt% cloisite Na* ABPBI
membranes is slightly higher than that of pure ABPBI membrane. The due to the
interactions between nanoclay and ionic liquids. 3wt% cloisite Na® ABPBI
membranes possessed the highest ILs doping levels, which were about 1.4 for
[HMIM]CI and 1.3 for [TMG][BF,], respectively, due to the maximum clay surface

areas generated by the good dispersion and exfoliation of nanoclays in the polymer



matrix. The ILs doping levels of 5wt% and 10wt% membranes were obviously lower
than those of 3wt% membrane, owing to the agglomeration of nanoclay.
Agglomerated nanoclay has smaller specific surface area, which reduces the effective

clay surfaces for the formation of hydrogen bonds between ionic liquids and nanoclay.
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Fig. 8 Interactions between cloisite Na* and ionic liquids

3.4. Conductivities of anhydrous SABPBI/cloisite Na‘/[HMIM]CI composite

membranes

The proton conductivities of [HMIM]CI doped ABPBI/cloisite Na® composite
membranes with different nanoclay contents at different temperatures are shown in

Fig. 9. Their corresponding activation energy (E,) are tabulated in Table 1.
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Fig. 9 The Arrhenius plots of conductivities of [HMIM]CI doped composite membranes with (I):

(a) 1wt%, (b) 3wt%, (c) 5wt% cloisite Na™; (I1): (d) Owt% and (e) 10wt% cloisite Na™.

For sample a, b and ¢ shown in Figure 9, 3wt% composite membrane with 1.32
[HMIM]CI doping level showed the highest conductivity, which is 4.0x10% S/cm at
220°C, while the 1wt% sample with 0.80 [HMIM]CI doping level the lowest, which is
6.4x10 S/cm at 220°C. As shown in Table 1, the activation energies (E,) of the
compsoite membranes with clay content of 1wt%, 3wt% and 5wt% are in the range
between 30~35 kJ/mol. [HMIM]CI doped pristine ABPBI membrane and 10wt%
composite membrane showed much higher E, values, which are 53.4kJ/mol and
50.5kJ/mol, respectively (Figure 9d and e), suggesting that the proton transfer

mechanisms for these membranes were different.



Table 1 Activation energy of conductivities of [HMIM]CI doped composite membranes with

various cloisite Na* contents

Activation energy (E;) Temperature range (T)

Membrane (ky/mol) C)
O0wt% ABPBI - 0.91 [HMIM]CI 53.4 50~220
1wt% ABPBI - 0.80 [HMIMI]CI 335 50~220
3wt% ABPBI - 1.32 [HMIM]CI 31.9 50~220
5wt% ABPBI - 1.07 [HMIM]CI 35.3 50~220
10wt% ABPBI - 0.70 [HMIM]CI 50.5 50~220

As [HMIM]CI is an aprotic ionic liquid, it has no exchangeable H, and its exact
proton conduction mechanism is unclear at present. The considerable proton
conductivity indicates the formation of a ligand that facilitates proton motion, which
may suggest an essential role played by residual water on the sulfonate groups [21].
The last water molecule on the sulfonate group is difficult to remove, even by drying
under vacuum [22]. One hypothesis of the proton conducting mechanism is the ionic
channel theory [5][12][13], which can be applied to explain this
ABPBI/[HMIM]Cl/cloisite Na* system. The ionic liquid in the membrane can interact
with the sulfonate groups (-SO3H) on ABPBI polymer chains and the hydroxyl groups
(-OH) on cloisite Na*, which may form hydrophilic channels within the membranes

that can enhance the conductivity, as illustrated in Figure 10.

In anhydrous condition, when the ionic liquid doping level is low, the ionic channels
may be isolated from each other, resulting in low conductivity and high E, value
(Figure 10b). With exfoliated and well distributed nanoclay in the polymer matrix, the
ionic liquids which interact with the nanoclay tend to connect to each other, forming
continuous ionic channels (Figure 10c), and hence low E, values are obtained. When
the nanoclay content reaches to high percentage of 10wt%, the clays tend to form
large agglomerates rather than disperse evenly in the matrix, which results in low IL

uptake and isolated ionic channels (Figure 10d) and higher Ea values .
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Fig. 10 Schematic of ABPBI/[HMIMI]Cl/cloisite Na* ionic channel system, (a) hydrous condition,

(b) anhydrous condition, (c) exfoliated nanoclay/ILs and (d) agglomeration of nanoclay/ILs

3.5. Conductivities of anhydrous SABPBI/cloisite Na'/[TMG][BF] composite

membranes

Figure 11 shows the proton conductivities of [TMG][BF,s] doped composite
membranes with various cloisite Na® contents at different temperatures. Their

corresponding activation energy (E,) values are tabulated in Table 2.

Table 2 Activation energy of conductivities of [TMG][BF,] doped composite membranes with

various cloisite Na* contents

Activation energy (E;) Temperature range (T)

Membrane (ky/mol) C)
Owt% ABPBI - 0.56 [TMG][BF4] 48.5 170~220
1wt% ABPBI - 0.79 [TMG][BF,] 24.5 90~220
3wt% ABPBI - 1.37 [TMG][BF4] 26.3 90~220
5wt% ABPBI - 0.58 [TMG][BF4] 27.9 90~220

10wt% ABPBI — 0.40 [TMG][BF] 39.3 90~220
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Fig. 11 The Arrhenius plots of conductivities of [TMG][BF,4] doped composite membranes with

(1): (a) 1wt%, (b) 3wt%, (c) 5wt% cloisite Na™ ;

(11): (d) Owt% and (e) 10wt% cloisite Na" .

As shown in Figure 11, the proton conductivities of [TMG][BF4] doped composite

membranes increased

with the increase of the [TMG][BF4] uptake. The 3wt%



ABPBI/cloisite Na* composite membrane showed the highest [TMG][BF4] doping
level of 1.37 and the highest proton conductivity of 9.6x10° S/cm at 220°C, while
5wt% membrane (c) showed the lowest doping level of 0.58 and the lowest
conductivity of 1.9x10 S/cm at 220°C. The E, values of these three membranes are

in the range between 24~28 kJ/mol.

Similar to the case in [HMIM]CI doped composite membranes, [TMG][BF4] doped
ABPBI (d) and 10wt% cloisite Na* incorporated ABPBI membranes (e) also showed
much higher E; values, which were 48.5 kJ/mol and 39.3 kJ/mol, respectively. It is
noteworthy that E, of [TMG][BF4] doped Owt% ABPBI membrane was calculated
from the temperatures above 170°C due to the conductivity stagnation at 100~160°C

in which the Arrhenius plot was not linear against the increased temperature.

Fig. 12 Proton transfer between [TMG][BF,4] molecules and sulfonate groups

The similarity of the results with those of [HMIM]CI doped composite membranes
may imply that the ionic channel theory can also be applied to explain the proton
conduction mechanism of [TMG][BF4] doped ABPBI membranes. As illustrated in
Figure 12, [TMG][BF,] is a protic ionic liquid, which possesses an exchangeable H,
allowing proton to jump between ionic liquid molecules. As discussed in previous
section, well-developed ionic channels tend to form within the ABPBI matrix with
well-distributed and exfoliated nanoclay, and greatly enhance the conductivity.
Therefore, the 1wt%, 3wt% and 5wt% membranes showed relatively low E, values

(24~28 kJ/mol), and the increase in [TMG][BF,] doping level resulted in increased



proton conductivities and reduced E, values, attributing to the shortened distance
between IL molecules [23]. The high E; values of Owt% and 10wt% membranes (48.5

and 39.3 kJ/mol) suggest the presence of dis-continuous ionic channels.
4. Conclusions

lonic liquids doped nanoclay / sulfonated ABPBI composite membranes were
prepared. Much improved mechanical properties including UTS and Young’s modulus
were achieved by high degree of exfoliation and well dispersion of the nanoclays in
the ABPBI polymer matrix. The good dispersion of the nanoclays also increased
greatly the doping levels of ionic liquids, leading to increased ionic conductivities of
the composite membranes and making the sulfonated ABPBI/cloisite Na'/ILs

composite membranes strong candidates for high temperature PEMFC applications.
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*Highlights (for review)

Highlights
Developed new liquids (ILs) doped sulfonated ABPBI / nanoclay composite PEMs.
The composite PEMs showed a great improvement in mechanical properties.

The composite PEMs showed high proton conductivities at high temperatures
(>100°C).



