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ABSTRACT: Proton-exchange membranes (PEMs) consist-
ing of sulfonated poly(ether sulfone) (SPES) with enhanced
electrochemical properties have been successfully prepared by
incorporating different amount of sulfonated graphene oxide
(SGO). Composite membranes are tested for proton
conductivity (30—90 °C) and methanol crossover resistance
to expose their potential for direct methanol fuel cell (DMFC)
application. Incorporation of SGO considerably increases the
ion-exchange capacity (IEC), water retention and proton
conductivity and reduces the methanol permeability. Mem-
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branes have been characterized by FTIR, XRD, DSC, SEM, TEM, and AFM techniques. Intermolecular interactions between the
components in composite membranes are established by FTIR. The distribution of SGO throughout the membrane matrix has
been examined using SEM and TEM and found to be uniform. The maximum proton conductivity has been found in 5% SGO

composite with higher methanol crossover resistance.
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B INTRODUCTION

Polymer electrolyte membranes (PEMs) are being studied
extensively because of their use in energy conversion devices
and high temperature applications.”” Commercially available
membrane used in PEMFCs is Nafion because of its excellent
chemical stability and high conductivity. However, high cost
and methanol crossover still hinders its application in
PEMFCs.>* Thus, the development of inexpensive proton
exchange membranes having better performance and com-
parative properties for fuel cell application is the area of
research to explore. Emphasis is being given to fabricate the
membranes with high proton conductivity and low cost.”~”
SPES is a thermomechanically stable polymer widely used in
PEMs application that contains sulfonic acid groups in its
backbone. At higher degree of sulfonation of PES, swelling is
the major drawback, which limits their use as PEMs. Therefore,
the properties of the SPES membranes have to be improved,
which could be accomplished by blending them with fillers.
Incorporation of organic/inorganic materials can greatly
improve the applicability of SPES as PEMs.'*'! However,
limited studies are available showing that the incorporation of
organic/ inorganic materials into SPES membranes for DMFC
application.''® In days, remarkable properties of graphene
oxide have attracted tremendous attention in wide range of
areas.”*™*® The excellent structural, mechanical and thermal
properties of Graphene offer large possibilities to be tailored in
different applications. For the realization of graphene in
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different applications it is essential to tune up its chemical
and electronic structure to fulfill the specific requirements."**°
Graphene can be easily functionalized to convert into graphene
oxide (GO) with improved properties. Large surface area and
electronic insulation provide GO a platform to be used as
organic filler in PEMs. The oxygen containing groups e.g.
epoxy, hydroxyl etc. enables GO for further modification by
chemical reactions and for introduction of various functional
groups onto its sheets. Substituting hydroxyl/epoxy groups of
GO with —HSO; group enhances its activity.”' Nano-
composties based on SGO and SPES can have improved
proton conductivity, Ion exchange capacity as well as
mechanical strength because of the strong interaction between
the large surface area of SGO and the SPES. The objective of
the present study to prepare the low cost highly conducting
PEM that can be used for the DMFC and high temperature
applications.

Present manuscript describes the development of SGO/
SPES based nanocomposite membranes with various SGO
concentrations (0.5, 1, 2, and 5%) and named as SGO-05
(0.5%), SGO-1 (1%), SGO-2(2%), and SGO-5 (5%).
Chemical, structural, thermal and mechanical characterizations
are done using respective analysis techniques. Membranes were
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studied extensively by electrochemical and physiochemical
properties. Proton conductivity at different temperatures is
measured to evaluate membranes performance at high
temperature. Membrane shows the low methanol permeability
and low activation energy for the proton conduction.

B EXPERIMENTAL SECTION

Materials and Methods. Poly(ether sulfone) Gafone-3300,
obtained from Gharda Chemicals Pvt Ltd., India, is used after drying
under vacuum for 24 h. Graphite powder was purchased from Sigma-
Aldrich. Other chemicals are obtained commercially and used as
received without further purification.

GO was synthesized by the modified Hummers method using
graphite powder as the starting material > SGO is achieved by the
functionalization of GO by concentrated sulfuric acid followed by
chlorosulfonic acid. In a typical method, 250 mg of GO is treated with
75 mL of sulfuric acid first for 1 h and then 15 mL of chlorosulfonic
acid is added dropwise to this solution. The mixrure is stirred for 24h
under nitrogen atmosphere at room temperature. After the completion
of reaction the solution is added to diethyl ether dropwise at 0—5 °C
with stirring. Afterward, the obtained mixture is centrifuged to separate
the precipitates. To remove impurities solid product is repeatedly
washed with diethyl ether to recover SGO. Sulfonation of PES was
carried out as reported earlier using conc. H,SO, (95—98%) under
vigorous stirring at 60 °C for 6 h.2®> The SGO/SPES composite
membranes are obtained from a highly homogeneous solution of SPES
and SGOs under sonication in DMAC, followed by solution casting on
a glass plate with the help of doctors blade. The membranes are dried
at 100 °C in vacuum oven for 24 h to complete removal of solvent.
Membranes with different SGO concentration (0, 0.5, 1, 2, and S wt
%) were prepared and designated as SPES, SGO-05, SGO-1, SGO-2,
and SGO-S, respectively.

Chemical and Structural Characterization. The samples have
been characterized by the means of chemical and structural properties,
details of the characterization are included in the Supporting
Information.

Stability of Membranes. Thermo-mechanical stabilities of the
membrane samples are evaluated by the DMA, TGA, and DSC. Details
of the characterization are included in Supporting Information.

Physiochemical Characterization. Water Uptake behavior of
membranes is determined by recording the weight gain after
equilibrating in water for 24h. Ion exchange capacity (IEC) of
composite membranes was estimated by the acid base titration. Proton
conductivity of the membranes was measured on potentiostat/
galvanostat (Auto Lab, Model PGSTAT 30). Details of the
experiments are given in the Supporting Information.

Methanol Permeability. Methanol Permeability of the mem-
branes is carried out in a two compartment cell in recirculation mode
at room temperature. Membranes are equilibrated in feed solution for
4 h before performing the experiments. The initial and final
concentration of the solution is measured by using a digital
refractometer (Mettler tolado refratometer). Methanol Permeability
was finally obtained by the following equation®*

_ 1 Gy
A CA(t - to) ?

where A is the effective membrane area, [ is the membrane thickness,
Cg(t) is methanol concentration in compartment B at time t, while
C,(t) is the change in concentration of methanol initially to time t in
compartment A. Vy is the volume of compartment B. For the
suitability of membrane for fuel cell, we calculate the selectivity of the
membrane by following equation

o
Sp=—
P PM

where Py is the methanol permeability (cm?/s), and & is the
membrane conductivity (S cm™).
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Bl RESULTS AND DISCUSSION

Structural Characterization of GO, SGO, and Compo-
site Membranes. FTIR spectra of GO and SGO has been
shown in Figure 1. The difference between two can be
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Figure 1. FTIR spectra of GO, SGO, SPES, and SGO-5 Membrane.

demonstrated by the addition of a new functional groups on
GO at 1283 and 1173 cm™" which attributes the absorption of
sulfonic acid group (—SO;H).>>*® The stretching frequency at
3360 cm™! in SPES and 3667 cm™ in SGO-S indicate O—H
vibration (hydrogen bond) whereas for SPES, the frequencies
at 2942, 2785, 2690, and 2593 cm™' for SPES & SGO-5
indicate the presence of O—H stretching (acidic group). The
vibration band at 2176 cm™" for SPES is due to the presence of
C=C stretching. It can be seen that there is a peak shift in
SGO-5 compared to SPES membrane, which shows the
interaction of SGO to the SPES matrix. XRD patterns of GO
and SGO are displayed in Figure 2. It can be seen from the
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Figure 2. XRD patterns for GO, SGO, and SGO composite
membrane.

figure that GO has the diffraction angle (26) and interplanar
spacing values as 11.3° and 7.8 A, respectively, whereas SGO
peak is observed at 25.6° and at 3.6 A, the reduction in
interplanar spacing is caused by the partial restacking through
7—r interaction and the removal of oxygen functional groups
after sulfonation.”” The shifting of peak toward the higher 26 is
due to the addition of sulfonic acid group in SGO as reported
in literature.”® The interaction between SGO and SPES can be
seen in diffraction peak at 18.5° for SGO-1 membrane.
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The morphological features of SGO can be seen in SEM
micrograph at different magnification (Figure 3A) that shows

Figure 3. (A) SEM of SGO, (B, C) TEM of SGO, and (D) 2D and 3D
AFM of SGO.

the formation of chain like structure in SGO. The squared area
shows magnified SGO image in the upper inset, whereas the
circled area shows the highly magnified image of SGO (lower
inset) at 2 ym. Images A and B in Figure 3 show the sheetlike
structures of GO and SGO, respectively. The wrinkled structure
of GO shows consistent results compared with the
literature,”* SGO image looks much darker in color as
compared to GO. The average size of the GO and SGO sheets
are found to be 4 um?’. Figure 3D shows the two and three-
dimensional image of SGO particle taken by AFM. Figure 4

SPS

S$GO-05 S$GO-1 $GO-2 SGO-5

Figure 4. Photograph of different composite membranes.

shows the digital photograph of SPES and composite
membranes; it is clear from the figure that increasing the
SGO content in SPES reduced the transparency of the
membranes and membranes get darker in color. The structure
of composite membranes analyzed by the AFM, SEM and TEM
are display in Figure S. Cross-sectional views of SGO-05 and
SGO-1 show the distribution of SGO in SPES (Figure SE, F). It
is clear from the figure that the distribution of SGO in the SPES
matrix is uniform, which is confirmed by the TEM image as
shown is Figure SG. Figure SA—D shows the AFM images of
SPES, SGO-05, SGO-2, and SGO-5 and is used to determine
the surface roughness of the membranes. The surface
roughness calculated by images is found to be in increasing
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order by increasing the amount of SGO and reached up to
12.05 nm from 4.87 nm to its initial value (SPES).

Thermomechanical Stability of Composite Mem-
brane. Prepared GO, SGO, and composite membranes are
analyzed thermally by the means of TGA and DSC, and
mechanical analysis are performed by DMA. Figures S-1 and S-
2 in the Supporting Information displays the weight loss and
their derivative for GO and SGO. GO and SGO both show the
similar trend throughout the temperature range from 30 to 600
°C. The weight loss of GO is 53%, whereas 56.4% weight is
observed for SGO up to 600 °C. GO and SGO both reveal
weight loss below 100 °C, which is attributed to the absorbed
water and at 150 °C weight loss is caused by bounded water.
Loss of oxygen=containing functionalities such as CO and CO,
is the reason for second weight loss between 150 and 220 °C
for both GO and SGO. The third weight loss of SGO at 258 °C
is due to the decomposition of sulfonic acid group. Twenty-five
percent weight loss from 220 to 400 °C is due to the weakening
of van der Waals forces between the GO layers.”> Composite
membranes are also analyzed by TGA. Three step weight losses
are observed between the range 50—100, 250—350, and above
500 °C (Figure 6). All three weight losses are similar for SPES
membrane, but the composite membranes show delayed weight
loss. The first weight loss is due to the loss of bound water, the
second weight loss is associated with the dissociation of sulfonic
acid group present in the membranes, and the final weight loss
above 500 °C is assigned to decomposition of polymer
backbone present in SPES.** Results confirm the interaction
between SPES and SGO. DSC thermograms for prepared
membranes are shown in Figure S-3 in the Supporting
Information. The figure shows that the crystallization peak of
SPES appears at about 65.9 °C, whereas for SGO-§, it goes to
152 °C because of the interaction between SGO and SPES.
DSC results support the TGA and shows that SGO-5
membrane is highly stable than the other membranes. Figure
7 shows that the modulus values of composite membranes
increases by SGO content. The modulus value for SGO-5
increased by 27% compared to the SPES. The temperature of
tan ¢ also increases by increasing SGO content and confirm the
higher thermomechanical stability of composite membranes
computed by DMA analysis (see Figure S-4 in the Supporting
Information).*"

Water Retention Capability, Water Uptake Behavior
and lon Exchange Capacity. Kinetics of water uptake and
retention play an important role in PEMs for fuel cell
application. The membrane’s water uptake is measured
gravimetrically by equilibrating the membranes in water. The
(H,0/SO;H) water content/hydration number, 1 is calculated
using the following equation

() oee)

The A value for SPES is calculated about 4.8, which goes to
increases by 5.93 for SGO-5 membrane. The increment in 4 is
due to the corresponding ion exchange capacity of the PES, the
IEC for SGO-S is found to be 16.5% higher than SPES
membrane because of the presence of highly acidic function-
alized SGO as shown is Table 1. It is clear from the results that
by increasing the SGO content the water molecules surround to
SO;H increases from 4.8 to 5.93. Unfortunately the higher
water uptake reduces the mechanical properties but in this case
there is no reduction found due to the interaction of SGO with

Wiet = I/V:ziry

18.01
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Figure 5. (A—D) AFM of SPES, SGO-05, SGO-2, SGO-S, and (E, F) SEM of SGO-05, SGO-1; (G) TEM of SPES/SGO composite.

100
<
= 80
g
—
£ |——sPES
8 601——sG0-05
E  |—sco-1
——5GO-2
40— 8605
100 200 300 400 500 600
Temperature(°C)

Figure 6. TGA thermograph for different SPES/SGO composite
membranes.
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Figure 7. Storage modulus and temperature (tan &) for different
SPES/SGO composite membranes (maximum error for modulus is
+0.1% and for tan & is +0.5%).

SPES matrix.”>*® Two types of water are available in PEMs,
bound water and the free water. Bound water is found to be
more responsible for the proton conduction. The amount of
bound water is calculated by TGA analysis from 100 to 150
°C,* whereas the free water is the difference of total water to
the bound water. SPES membranes shows the lowest bound
water content (2.58%) in comparison with all membranes,
whereas there is 3.07% bound water in SGO-5 composite
membrane; more bound water in SGO-S gives it higher water
retention availability and greater proton conduction.

Proton Conductivity and Diffusion Coefficient Meas-
urements. For high-temperature applications, membrane
proton conductivity is measured for each membrane from 30
to 90 °C and the corresponding values are depicted in Figure 8
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Figure 8. Arrhenius plot of conductivity vs temperature for different
membranes (maximum error for conductivity is +0.5%).

Table 1. Ion Exchange Capacity, Number of Water Molecules Per Ionic Site (1), Water Uptake (%), Free and Bound Water %

for Different PEMs

membrane type

SPES
SGO-0S
SGO-1
SGO-2
SGO-§

IEC (mequiv g™*)
1.40 £+ 0.05
1.45 + 0.0S
1.48 + 0.0S
1.56 + 0.05
1.63 + 0.05

A (SO,/H,0)
4.80 £ 0.1
521 £ 0.1
5.59 £ 0.1
$.77 £ 0.1
593 £ 0.1
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water uptake %

free water %

bound water %

12.12 £ 0.5 9.54 + 0.5 2.58 £ 0.5
13.62 £ 0.5 10.55 £ 0.5 3.07 £ 0.5
14.90 + 0.5 11.10 = 0.5 3.80 £ 0.5
1623 £ 0.5 13.60 + 0.5 263 £ 0.5
1741 £ 0.5 1434 + 0.5 3.07 £ 0.5

dx.doi.org/10.1021/am5000504 | ACS Appl. Mater. Interfaces 2014, 6, 5595—5601
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Table 2. Membrane Conductivity (¢), Diffusion Coefficient (D,), Methanol Permeability (P,,), Selectivity (S), and Activation

Energy of Proton Conduction (E,) of Different PEMs

membrane type 6 (X 10728 ecm™)

SPES 3.15 +£ 0.01 1.845 + 0.05
SGO-0S 3.50 + 0.01 2.082 + 0.0S
SGO-1 3.80 + 0.01 2.205 £ 0.0S
SGO-2 4.30 + 0.01 2.741 = 0.0S
SGO-§ 5.8 + 0.01 3.432 + 0.0S

D, (X 107° m?s™")

P, (x 1077 cm?S™") S (x 10°) E, (J mol™)
1.827 + 0.1 1.72414 + 0.1 21.01 + 0.5
1.611 + 0.1 2.17256 + 0.1 17.50 + 0.5
1.598 + 0.1 2.37797 + 0.1 1592 + 0.5
1.582 + 0.1 2.71808 + 0.1 1432 £ 0.5
1.556 + 0.1 3.72751 + 0.1 12.36 + 0.5

and Table 2. Proton conductivities of the membranes are
calculated from the Nyquist plots with different SGO content
from 0.5 to S and are presented in Table 2. The proton
conductivity increases with SGO content in membranes
because of enhanced proton mobility resulting from the
increased A value.>*™>” The proton conductivity of the SPES
membrane is calculated to 3.15 X 1072 S cm™ at 30 °C, which
is raised up to 5.8 X 107> S cm™! for the SGO-S membrane.
The 86% increment in conductivity is due to the higher IEC,
higher water retention capacity, higher A value, and the higher
number of available sulfonic group sites in the membrane. High
IEC provides adequate acidic groups inside the membrane and
a high water uptake makes the proton diffusion easy.>*** Acidic
functional groups (—SO;H) of polyelectrolyte membranes
dissociate because of hydration and allow transport of hydrated
proton (H;0)". Temperature also plays an important role in
proton conductivity. Conductivity of all the membranes found
to be increased by 2.5 times on increasing the temperature from
30 to 90 °C that may be due to the increment in proton
diffusion with temperature.** In the case of the SGO-S
membrane, the conductivity is comparable with the Nafion-
117 membrane for the whole temperature range.

Activation energy for proton conduction reveals the
minimum energy required for proton transport from a
functional group to another and is, therefore, an important
parameter of a PEM. Temperature-dependent proton con-
ductivity is used to determine the activation energy for proton
conduction. The Arrhenius-type plot shown in Figure 8 is used
to calculate the activation energy for PEMs.* Table 2 shows
that the activation energy of the SPES membrane has a higher
value than that for Nafion-117. By increasing the SGO content
in SPES, the required activation energy reduced as shown in
Table 2. The dependence of proton diffusion coefficient on
SGO content is evaluated by the Nernst—Einstein equation
using membrane conductivity.*' Calculated values of D for
different membranes are also presented in Table 2, shows that
the D’ value increases by increasing the SGO content in SPES
matrix. This indicates that the incorporation of SGO can
increase the applicability of the SPES membranes in DMFC.

Methanol Permeation (P,) Resistance and Selectivity
of Hybrid Membranes. High methanol permeation resistance
with high proton conductivity is the basic requirement for the
PEM’s for DMFC application. Methanol permeability of SPES
and SGO/SPES membranes is shown in Table 2. It can be seen
that the methanol permeability of SGO/SPES membranes
decreased with increasing SGO content. In the case of the
SGO/SPES membrane, SGO prevents the movement of
methanol through the membrane and act as a barrier for
connected hydrophilic channels as well as provides the higher
conductivity to the composite membrane. The interaction
between SGO and SPES restricts the formation of the channels
in membranes, which leads to low methanol permeability.
Methanol permeability for the SPES membrane is found to be
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1.827 X 1077 em* S™', which reduces to 1.611 X 1077 cm? §™*
for SGO-05 and 1.582 X 1077 cm?* S™* for SGO-2 membranes
and finally reached to 1.556 X 1077 cm* S™! for SGO-S
membrane. Reduction in methanol permeability for SGO/SPES
membrane is due to strong interfacial adhesion between SGO
particle and SPES matrix.** For the suitability of the membrane
for fuel cell, we calculate the selectivity of the membrane, which
is directly proportional to the membrane conductivity and
inversely proportional to the methanol permeability. The
selectivity of the SPES membrane is found to be 1.724 X 10°,
which increases in composite membranes and reaches 3.727 X
10° for SGO-5 membrane (Table 2). The low methanol
permeability and high selectivity of SGO-5 membrane make it
suitable for the DMFC application.

B CONCLUSION

Incorporation of small amounts of SGO in SPES is confirmed
to be a novel scheme to enhance the properties of proton-
exchange SPES membranes. While IEC, conductivity, methanol
permeation resistance and selectivity of the membranes are
enhanced, the membrane still maintained excellent thermo-
mechanical stability. Prepared membranes show good proton
conductivity at temperatures ranging from 30 to 90 °C and
have reduced activation energy for proton conduction by SGO
addition. Figure 9 summarizes the influence of SGO on

Proton
Conductivity

lon Exchange
Capacity

SPES SGO-1 SGO-2 SGO-5

Figure 9. Different membrane properties by inclusion of sulfonated
graphene oxide content.

different membrane properties relevant for electrochemical
application. The good comprehensive performance and
dimension stability make the SPES/SGO hybrid membranes
an ideal candidate for fuel cells and other high-temperature
applications.
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© Supporting Information

Detail of the chemical, structural, physiochemical character-
ization, and membrane stability are included as section S1—S3,
as well as Figures S-1—S-4. This material is available free of
charge via the Internet at http://pubs.acs.org/.
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