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Abstract In this study, proton-exchange membranes (PEMs)
consisting of sulfonated poly(arylene ether nitrile) (SPEN)
have been successfully prepared by incorporating a different
amount of sulfonated graphene oxide (SGO). Incorporation of
SGO can improve proton conductivity and reduce the metha-
nol permeability. Besides, the existence of the intermolecular
interactions between SPEN and SGO can improve the inter-
facial compatibility between filler and matrix. The resulting
composite membranes show better mechanical property, pro-
ton conductivity and lower methanol permeability compared
to that of pure SPEN. Furthermore, the composite membrane
with 1 wt% SGO possesses good interfacial compatibility,
exhibiting excellent proton conductivity (0.109 S/cm at 20
°C and 0.265 S/cm at 80 °C) and low methanol permeability
(0.17x10°° cm®s ' at 20 °C). So it achieves the highest selec-
tivity (6.412x10° S-s.cm ), which is about 14 times higher
than that of Nafion 117. All these data indicate that the SPEN/
SGO composite membranes have good potential for applica-
tions in direct methanol fuel cells.
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Introduction

In recent years, with the development of science and technol-
ogy, direct methanol fuel cell (DMFC) has received tremen-
dous attention because of its high power density, high efficien-
cy and pollution free [1-3]. According to the difference be-
tween the supply of fuel solution, DMFC is divided into two
types: active and passive DMFC. Compared to active DMFC,
the passive DMFC is compact, simple in construction and has
low parasitic power losses. Thus, passive DMFC is a good
choice for conventional battery replacement for portable ap-
plication [4, 5]. The passive DMFC performance is related to
the following factors: the size and shape of active area, proton
exchange membrane, cell orientations, environmental condi-
tions, the optimum methanol concentration, catalyst loading
on the anode and cathode side, designs of current collectors
(CC) and so on [6—11].

Proton exchange membrane as a key component of DMFC,
can transfer proton from anode to cathode and prevent the
mixing of reactants [12, 13]. At present, the commercial pro-
ton exchange membrane used in DMFC, is Nafion because of
its high conductivity and excellent chemical stability. But the
high cost and high methanol crossover restrict its extensive
uses [14—16]. Therefore, it is urgent to modify Nafion to solve
existing problems or develop a novel material for fuel cell
application.

To address these problems, many sulfonated aromatic poly-
mers have been extensively investigated as proton exchange
membranes. Sulfonated poly(arylene ether nitriles) (SPEN)
have attracted our attention owing to its excellent comprehen-
sive properties such as outstanding mechanical properties,
high chemical and thermal stability [17-21]. Besides, the po-
lar nitrile groups in SPEN can restrain the membrane swelling
and enhance the adhesion property with electrode layers for
long-term fuel cell operation [22]. However, with the increase
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of sulfonation degree, the dimensional stability of membranes
reduces obviously, resulting in a decrease in mechanical prop-
erties. As is known, the properties of the membranes can be
improved by blending with filler. Therefore, organic-
inorganic hybrid is a promising approach to solve these prob-
lems [23, 24].

Recently, graphene oxide (GO) has been investigated in-
tensively because of its excellent electrical properties, unique
two-dimensional structure and large specific surface [25-28].
GO which contains hydrophilic oxygen-containing functional
groups (e.g. epoxy and hydroxyl) can be further modified by
introduction of various functional groups to expand its appli-
cation. For example, sulfonated graphene oxide (SGO) as an
excellent filler has been applied to composite proton exchange
membranes [29-33]. The composite membranes show low
methanol permeation and high proton conductivity. To our
best knowledge, typical methods for preparing SGO is the
use of an aryl diazonium salt or chlorosulfonic acid.
Although significant methods have been made in this area,
developing a new and simple method for the synthesis of
SGO is still in high demand. In addition, cyano groups in
SPEN can increase the intermolecular interactions between
polymer chains and SGO, making the composite membranes
more compact, which is favour for the reduction of methanol
permeability.

Herein, in this work, SGO was obtained by using a simple,
convenient and cheap way. The sulfonic acid groups were
introduced into GO via direct sulfonated method and the
SGO/SPEN composite membrane was prepared by solution-
casting method. Meanwhile, its mechanical properties, ther-
mal properties, proton conductivity and methanol permeation
were also investigated in detail.

Experimental
Materials

2,6-Difluorobenzonitrile (DFBN), 4,4’-biphenol (BP) and po-
tassium 2,5-dihydroxybenzenesulfonate (SHQ) were pur-
chased from Sigma-Aldrich. Sulphuric acid (H,SO,4, AR),
phosphoric acid (H;PO,4, AR) and potassium permanganate
(KMnO,4, AR) were obtained from Chengdu Haihong
Chemicals. Dimethylacetamide (DMAc, AR), N-
methylpyrrolidone (NMP, AR), and potassium carbonate
(K,COs3, AR) were provided by Tianjin BODI chemicals.
Graphene was supplied by XFNANO Materials Tech Co.
Ltd. All the materials were used without further purification.

Synthesis of SPEN and SGO

The SPEN was synthesized via nucleophilic aromatic substi-
tution reaction from 2,6-difluorobenzonitrile (DFBN), 4,4'-
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biphenol (BP) and potassium 2,5-dihydroxybenzenesulfonate
(SHQ) according to previous literature reported [34]. The
schematic of diagrams to synthesize SPEN is shown in
Scheme 1.

Graphene oxide (GO) was synthesized by the modified
Hummers’ method [35]: concentrated H,SO,4 (240 ml) and
H;PO, (27 ml) were added into a 500 ml three-neck flask with
a mixture of 2 g flaky graphite and 12 g KMnO,. The reaction
was heated to 50 °C with stirring for 12 h under sonicating.
When the reaction finished, 30% H,O, was poured into the
mixture until the colour of the solution changed to golden. The
product was washed with deionized water until the pH reaches
6-7.

The procedure for preparing SGO was as follows: 1 g GO
was added in 30 ml H,SO, with mechanical stirring for 3 h,
then reacted at 100 °C for another 3 h. Furthermore, the prod-
uct was washed with deionized water to neutral, vacuum
filtrated, and dried in oven at 80 °C for 24 h (Scheme 2).

Preparation of SGO/SPEN composite membranes

The SGO/SPEN composite membranes were prepared by
solution-casting method. The membranes were obtained by a
homogeneous solution of SPEN and SGO under sonication in
mixed solvent of DMAc and deionized water (v/v = 5:1). The
mixture solution was spread on a horizontal and clean glass
plate. The following temperature program is carried out to
complete removal of solvent at 80,100,140, and 160 °C (each
for 2 h), respectively. After cooling to room temperature nat-
urally, the SGO/SPEN composite membranes with different
SGO loading (0, 0.5, 1, and 2 wt%) were manufactured. The
acid-form membranes were obtained by immersing the corre-
sponding potassium form in H,SO, for 24 h at room
temperature.

Characterization

FTIR spectra were measured by using Shimadzu FTIR8400S
Fourier Transform Infrared spectrometer under air atmo-
sphere. The microstructures of membranes were tested with
a high-resolution scanning electron microscope (SEM, JEOL
JSM-5900LV) and all the samples of membranes were brittle
fractured under liquid nitrogen atmosphere before measure-
ment. Thermogravimetric analysis (TGA) was carried at by
using a TA Instruments TGA-Q50 module. The sample of
membranes for TGA analysis were preheated under nitrogen
atmosphere from room temperature to 150 °C at a heating rate
of 10 °C/min and held isothermally for 15 min for moisture
removal, then heated from 80 to 600 °C at 20 °C/min. Powder
samples were analysed by X-ray diffraction with the diffrac-
tion angle range of 580" (RINT 2400 vertical goniometer
(Rigaku, Japan)). The mechanical properties of the samples
were recorded with a desktop electromechanical universal
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Scheme 1 The schematic of

SO;H
diagrams to synthesize SPEN F. F
n + 03n HOOH + 0.70OH OH
CN SO;H
K,CO, : CN 3
NMP C . 03n 0.7n

testing machine (SANS CMT6104 series) with an operating
rate of 5 mm/min.

Water uptake and swelling ratio

The water uptake and swelling ratio were calculated by com-
paring the weight and dimension difference between dry and
wet membranes. The membranes were dried in oven at 80 °C
for 24 h prior to the measurements, and then the weights and
lengths of dry membranes were measured. Finally, the mem-
branes were immersed in deionized water for 24 h at
predetermined temperatures. The water uptake rate and swell-
ing ratio were calculated using the following equation:

Wwet—Wdry

Water uptake(%) = Wary x 100% (1)
Swelling ratio (%) = % x 100% (2)
lllll.-l-l
S S S i T S
= = = > = e S e e >
KMnO4 I’]zSO4/H3PO4(9:1,V/V)
COOH OH COOH Ot

H,S0,

COOH

SOsH COOH

Scheme 2 The schematic diagram of the sulfonation process of GO

IEC

The ion-exchange capacity (IEC) of pure SPEN and compos-
ite membranes (GO/SPEN and SGO/SPEN) were measured
via acid - base titration method. The dried acid form mem-
branes were soaked in 50 ml NaCl solution (1 M) to complete-
ly displace H* into solution. 0.01 M NaOH solution with
phenolphthalein as the pH indicator was used to titrate the
concentration of H*. Finally, IEC was calculated by the fol-
lowing equation:

Cc— VNaoH X CNaOH

IE
Wary

(3)
where Viaon 1S the comsumed volume of NaOH, Cyaon 1S the
molar concentration of the titration, Wy, is the weight of the
dried membranes.

Proton conductivity

The proton conductivity of the pure and blend mem-
branes were measured by AC impedance spectroscopy
(CHI650E, shanghai) over frequencies ranging from 0.1
to 100 kHz in potentiostatic mode with 50 mV. Before
the conductivity experiment, all the membranes were
immersed in deionized water for 24 h at predetermined
temperatures. The proton conductivity was calculated by
the following formula:

(4)

where o is the proton conductivity of membranes, L is
the thickness, A represents the cross-sectional area of
the membrane, R is the resistance value.

Methanol permeability

The methanol permeability of the pure SPEN and blend
membranes was carried out in two separate cells at
room temperature, where one was filled with 10 M
methanol solution (A, 16 ml) and another was filled
with deionized water (B, 16 ml). The membranes were
sandwiched between the two cells. The final concentra-
tion of methanol in reservoir is measured by using
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SHIMADZU GC-8A chromatograph. The methanol per-
meability was calculated by the following formula:
A DK

77CA(I_I()) (5)

C() = Vs L

Where Cyp, Cg are the methanol concentration of donor and
receptor cells, A, L represent diffusion effective area and the
thickness of membranes, Vg is the volume of reservoir B.

Results and discussion
Characterization of sulfonated graphene oxide
Structural characterization of GO and SGO

To prove the formation of SGO, the FTIR spectra of SGO and
GO are recorded and shown in Fig. 1a. The GO shows char-
acteristic absorption peaks at 1732 and 3424 cm ', which is
ascribed to the stretching vibration of C = O from the carboxyl
group and O—H bonds, respectively. For SGO, it is clearly
observed that new absorption bands appear at 1088 and
1033 cm ', which belongs to the absorption of O = S = O
asymmetric and symmetric stretching vibrations.

The TGA curves of SGO and GO are shown in Fig. 1b. The
TGA curves of SGO and GO are shown in Fig. 1b. A loss
weight can be observed at below 150 °C, which is the
adsorbed and bounded water. GO which contains various ox-
ygen functional groups can be easily decomposed at 150—
200 °C. After sulfonation, the initial decomposition tempera-
ture of SGO is above 230 °C, which is the decomposition of
sulfonic acid groups. The discrepancy is the result from the
decomposition of different functional groups, suggesting the
successful introduction of the sulfonic acid groups.
Furthermore, XRD patterns of SGO and GO are presented in
Fig. 2. The sharp diffraction peak of GO can be observed at
10.2°, which indicates the interlayer spacing of GO is about

0.86 nm. SGO has a diffraction angle at 25.2” and the layer-to-
layer distance of SGO is about 0.35 nm. The reduction in
interlayer spacing is caused by the partial restacking through
7—7t interaction and the removal of oxygen functional
groups after sulfonation, which is consistent with the
reported literature [36]. The shifting of the diffraction
peak toward the higher 20 is due to the introduction
of sulfonic acid groups [29].

SEM characterization

The SEM images of SGO/SPEN and GO/SPEN composite
membranes with different loading of GO and SGO at the
20,000 magnification times are shown in Fig. 3. Compared
with GO/SPEN membranes, the SGO/SPEN membranes
show less obvious crack and good interface compatibility,
indicating the better interfacial interaction, which is the pre-
requisite for excellent performances of membranes.
Furthermore, the composite membranes with low content par-
ticles such as 0.5 and 1 wt% show good interfacial compati-
bility between the filler and polymer. With the further increase
of SGO fillers, the interface interaction between fillers and
SPEN matrix is weaker than 1 wt% SGO/SPEN due to phase
separation.

Thermal analysis

The TGA curves of pure SPEN and SGO/SPEN blend mem-
branes are shown in Fig. 4. The initial thermal decomposition
temperature of SGO/SPEN composite membranes is about
265 °C, while the initial decomposition temperature of pure
membrane at 253 °C. The results demonstrate that the thermal
stability of the membranes has improved by the SGO. The 5
and 10% weight loss temperatures are in the range of 356—
358 °C and 370-372 °C, respectively, showing that the com-
posite membranes possess good heat resistance.

Fig.1 a FTIR spectra of GO and (a) (b)
SGO. b TGA curves of GO and
SGO 1007
_ 907
S -
@n e\e -
3 < 80
5 =
£ 5
2 707
2 1390\ X = SGO
s 1643 01222 1053
= 607
/ GO
3424 507
4000 35'00 30I00 25l00 20I00 15l00 10l00 560 l(IIO 260 360 460

Wavenumber (cm™)
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Fig. 2 XRD patterns of SGO and GO

Water uptake and swelling ratio

The water uptake and swelling ratio have a certain effect on
the proton conductivity and dimensional stability of the mem-
branes. The adsorbed water is propitious to the protons trans-
port and the sulfonic acid group also plays an important role in
the process of water uptake [37-39]. Furthermore, the inter-
molecular interactions and microstructure of the membranes
also affect the water uptake and swelling ratio. The water

Fig. 3 The SEM images of
SPEN composite membranes
with (a) 0.5 wt% GO loadings,
(b) 0.5 wt% SGO loadings, (c)
1 wt% GO loadings, (d) 1 wt%
SGO loadings, (e) 2 wt% GO
loadings, and (f) 2 wt% SGO
loadings at the 20,000
magnification time

uptake and swelling ratio of pure membrane and GO/SPEN
or SGO/SPEN composite films with varied temperatures are
shown in Fig. 5 and Table 1. In general, with the temperature
increasing, the water uptake and swelling rate of the mem-
brane also increase. Due to excessive swelling or even disso-
lution of the pure membrane at 80 °C, the water uptake of pure
membrane cannot be measured. Comparing with pure mem-
branes, the water uptake and swelling ratio of blend mem-
branes are lower than that of the former. This is attributed to
the enhancement of the interfacial interaction between filler
and polymer (such as hydrogen bonds). The water uptake of
SGO is lower than that of GO due to the better interfacial
adhesion, which is corresponding to the result of SEM images.
Hence, the SGO/SPEN composite membranes have a more
closely membrane structure, leading to the lower water uptake
and swelling ratio.

IEC

The values of IEC are related to the content of sulfonic acid
groups. The IEC values of pure and composite membranes (at
room temperature) are presented in Table 2. The IEC values of
SGO/SPEN composite membranes are increased with the in-
crease of the sulfonic acid group. Meanwhile, the IEC of
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Fig. 4 The TGA curves of pure and SGO/SPEN composite membranes

SGO/SPEN membranes are higher than that of pure mem-
brane and GO/SPEN composite membranes. The result is as-
cribed to the fact that SGO provides more sulfonic acid groups
as fixed charge sites and effects the IEC of SGO/SPEN com-
posite membranes. In addition, the values of GO/SPEN blend
films are decreased with the addition of GO, which is due to
the non-proton-conducting characteristic of GO.

Water uptake (%)
w
S
e

Pure SPEN  0.5%GO 1%GO

GO Contents (Wt%)

2%GO

~~
]
~

200 .20C
I 40C
160 | 60°C
I 80°C

120+

80

Swelling ratio (%)

404

Pure SPEN  0.5%GO
GO Contents (Wt%)

1%GO 2%GO

Mechanical properties

Fig. 6 shows the tensile strength, modulus and elongation at
break of pure SPEN and composite membranes (SGO/SPEN
and GO/SPEN) measured at room temperature in the dry state.
The mechanical strength and modulus of SGO/SPEN com-
posite membranes with the 1 wt% content reach the maximum
value of 52.1 and 1876.2 MPa, respectively, and then decrease
with further addition of SGO or GO filler. Compared with
GO/SPEN membranes, SGO/SPEN membranes possess bet-
ter mechanical properties. This result is attributed to the in-
creased interfacial interaction between fillers and polymer,
which is coincident with the results of SEM images. With
the further increases of particle content, the tensile strength
and modulus of composite membranes are mainly affected
by the phase separation with SPEN. When the particle content
is over than 1 wt%, the dispersion and compatibility of SGO
and SPEN becomes worse. Besides, it is obvious that the
elongation at break of SPEN composite membranes (SGO/
SPEN and GO/SPEN) decreases with increasing the content
of particles. This is attributed to strong interaction between

Pure SPEN 0.5%SGO 1%SGO 2%SGO
SGO Contents (Wt%)
(d)
200 20C
1mm40C
160 N 60°C
9 [ B
£ 1204
g
o0
=
= 804
v
z
w
40 4

Pure SPEN 0.5%SGO 1%SGO
SGO Contents (Wt%)

2%SGO

Fig. 5 The water uptake and swelling ratio of pure and GO/SPEN composite membranes (a, ¢) and SGO/SPEN composite membranes (b, d) with the

variation of temperatures
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Table 1 The water uptake and
swelling ration of pure membrane Filler contents Water uptake (%) Swelling ratio (%)
and GO/SPEN or SGO/SPEN
composite films with the change 20 °C 40 °C 60 °C 80 °C 20 °C 40 °C 60 °C 80 °C
in temperature
Pure SPEN 43.75 70.22 129.78 / 17 22 54.25 /
0.5% GO 43.02 68.91 112.52 494.61 14.31 20.18 51.87 187.42
1% GO 42.6 63.98 94.58 3753 13.57 19.45 49.98 154.38
2% GO 49.37 64.91 109.71 402.82 14.92 20.65 51.62 162.75
0.5% SGO 33.05 43.5 90.47 433 12.09 15.77 46.96 17423
1% SGO 2525 41.73 92.47 311.15 10.55 14.84 44.35 135.92
2% SGO 30.76 42.39 92.05 367.86 11.57 15.36 45.02 147.87

fillers and the SPEN and enhanced inflexibility of the SPEN
chains caused by existence of GO and SGO, which hinder the
movement of the polymer chains [42, 43]. In all, all the mem-
branes possess good mechanical properties, which is enough
for the applications as proton exchange membrane.

Proton conductivity

In the direct methanol fuel cell application, the most basic
parameters are the proton conductivity and methanol perme-
ability. The proton conductivities of pure membrane and com-
posite membranes (GO/SPEN and SGO/SPEN) are shown in
Fig. 7 and Table 2. The proton conductivity of GO/SPEN
composite membranes are higher than that of pure SPEN,
which is owing to the formation of hydrogen bond between
hydroxyl or carboxylic and sulfonic acid groups, and benefit
to the proton transfer via proton hoping based on the Grotthus
mechanism [33, 44]. Besides, the proton conductivity of SGO/
SPEN membranes has increasing trend with the addition of
SGO. As the loading of SGO above 1 wt%, the proton con-
ductivity reaches the highest value, while the SGO content is
further increased, the proton conductivity of SGO/SPEN
membrane decreases. The primary reason of above

phenomenon is that SGO can provide excessive sulfonic acid
groups, which plays an important role in the enhancement of
proton conductivity. However, when beyond a certain range,
the interfacial adhesion between the SGO and SPEN becomes
worse, which can damage the proton transfer and influence the
proton transfer efficiency.

The proton conductivity of composite membranes with
variation of temperatures is shown in Fig. 7. Normally, the
proton conductivity of the blend membranes increases with
the increasing temperature, which is caused by the accelerated
movement of water molecules to benefit the proton hoping or
diffusing in the membranes [45]. In short, the SGO/SPEN
membranes with 1 wt% SGO show excellent proton conduc-
tivity, which is higher than that of Nafion 117 and other re-
ported SGO hybrid membrane [40, 41].

Methanol permeability and selectivity

In DMFC application, the ideal PEM should possess high
conductivity and low methanol permeability simultaneously.
The methanol permeability and selectivity of pure SPEN and
composite membranes are presented in Table 2. From the re-
sults, it is clear that the methanol permeability of composite

Table 2 The IEC, proton

conductivity, methanol The contents of IEC Proton conductivity =~ Methanol permeation Selectivity
permeation, selectivity of pure fillers (mmol/g)  (S/cm) (107% cm %/s) (10°Sem™ s)
and composite membranes at
20 °C Pure SPEN 1.672 0.09 0.67 1.343
0.5 wt% GO 1.636 0.093 0.42 2214
1 wt% GO 1.588 0.099 0.21 4714
2 wt% GO 1.503 0.092 0.36 2.556
0.5 wt% SGO 1.761 0.099 0.38 2.605
1 wt% SGO 1.839 0.109 0.17 6.412
2 wt% SGO 1.878 0.098 0.28 35
5 wt% 1.65 0.084 0.38 2211
SGO/SPEEK
[40]
0.5 wt% - 0.0367 0.0916 4.01
SGO/Nafion [41]
Nafion 117 - 0.064 1.41 0.45
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Fig. 6 The (a) tensile strength, (b) modulus and (c) elongation at break of pure SPEN and composite membranes (SGO/SPEN and GO/SPEN) measured

at room temperature in the dry state

membranes decreases with the increase of GO or SGO particle
content. GO and SGO hinder the methanol permeation
through the hybrid membrane and act as barriers for the con-
nected hydrophilic. Besides, the better interfacial interaction
between SGO and SPEN also can decrease the methanol
crossover of membranes. As noted above, the interfacial ad-
hesion of SGO/SPEN membrane is stronger than GO/SPEN
membrane. The SGO/SPEN membranes hinder the migration

Proton conductivity

Pure SPEN

0.5%GO 1%GO
GO Contents (Wt%)

2%GO

of methanol molecules more effectively than the GO/SPEN
membrane.

Generally, the selectivity (defined as the ratio of the proton
conductivity to the methanol permeability of the membrane) is
often used to estimate the DMFC performance and mem-
branes with a higher selectivity exhibit better DMFC perfor-
mance [46, 47]. In Table 2, the SGO/SPEN with 1% SGO
loading has a higher selectivity (6.412 x 10° S s cm ), which

Proton conductivity (S/cm)

Pure SPEN

0.5%SGO 1%SGO
SGO Contents (Wt%)

2%SGO

Fig. 7 The proton conductivity of pure and (a) GO/SPEN composite and (b) SGO/SPEN composite membranes with variation of temperatures
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is higher than that of Nafion 117 and other SGO hybrid mem-
branes [40, 41]. All these results prove the composite mem-
branes to be potential proton exchange membranes for fuel
cell applications.

Conclusions

In summary, the SGO was prepared by direct sulfonate meth-
od and the SGO/SPEN composite membranes were fabricated
by solution-casting. The FTIR, TGA and XRD confirmed the
successful formation of SGO. The microstructure and com-
patibility between filler and SPEN matrix were observed by
SEM. The membrane with 1 wt% SGO possesses excellent
interfacial compatibility, which is the prerequisite for the bet-
ter dimensional stability, high proton conductivity and low
methanol permeation., The proton conductivity of composite
membrane with 1 wt% SGO loading reached 0.109 S/cm at
20 °C, increased by 70.13% compared with Nafion 117,
showing excellent proton transfer capability. Meanwhile, the
methanol permeability decreased by 87.9% than that of the
commercial Nafion117 membrane. Based on these results,
direct sulfonate to obtain SGO is a facile, effective and low
cost method to enhance the comprehensive performances of
SPEN as the application of proton exchange membrane and
SGO/SPEN composite membranes can be considered to be
promising candidate for application in fuel cells.
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