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ABSTRACT: Sulfonated polyimide (SPI)/sulfonated propyl-
silane graphene oxide (SPSGO) was assessed to be a
promising candidate for polymer electrolyte membranes
(PEMs). Incorporation of multifunctionalized (-SO;H and
-COOH) SPSGO in SPI matrix improved proton conductivity
and thermal, mechanical, and chemical stabilities along with
bound water content responsible for slow dehydration of the
membrane matrix. The reported SPSGO/SPI composite PEM
was designed to promote internal self-humidification, respon-
sible for water-retention properties, and to promote proton
conduction, due to the presence of different acidic functional
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groups. Strong hydrogen bonding between multifunctional groups thus led to the presence of interconnected hydrophobic
graphene sheets and organic polymer chains, which provides hydrophobic—hydrophilic phase separation and suitable architecture
of proton-conducting channels. In single-cell direct methanol fuel cell tests, SPI/SPSGO-8 exhibited 75.06 mW-cm ™2 maximum
power density (in comparison with commercial Nafion 117 membrane, 62.40 mW-cm™>) under 2 M methanol fuel at 70 °C.
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B INTRODUCTION

Advanced nanostructured materials for energy applications,
such as water splitting, hydrogen pumps, fuel cells, batteries,
and other electrochemical devices, require polymer electrolyte
membranes (PEMs) with high proton conduction, chemical
stability, and electron insulation."” Direct methanol fuel cells
(DMFCs) provide an attractive alternative to rechargeable
batteries in electronic devices because of high efficiency, long
lifetimes, ability to refuel, operation at moderate temperatures,
and low emission.>~” For DMFC applications, PEMs should
exhibit several demanding properties, such as good mechanical,
thermal, and chemical stabilities, high proton conductivity, and
imperviousness toward methanol.”~” Generally, perfluorosulfo-
nated polymers, such as DuPont’s Nafion membrane, are
considered as a benchmark due to their desired properties.'*~"
Several practical drawbacks of perfluorosulfonated membranes,
such as high methanol permeability, deterioration in proton
conductivity above 100 °C, cost, and environmental inadapt-
ability, led to serious efforts to develop alternative PEMs,
especially sulfonated aromatic polymers.*”'® Among the
sulfonated aromatic polymers, sulfonated polyimides (SPIs)
were considered as promising alternative materials because of
their high stabilities (thermal and mechanical), good film-
forming ability, low cost, and low fuel crossover.'”7°
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In SPIs, hydrolysis of imide groups occurs due to
nucleophilic attack on the carbonyl carbon atoms under fuel
cell operating conditions. However, dianhydrides with a high
electron density in the carbonyl carbon atoms produced
hydrolytically stable and nucleophilic attack-resistant poly-
imides.”! Recently, we reported aliphatic—aromatic sulfonated
polyimide and acid-functionalized polysilsesquioxane composite
membranes.”' The possibility of incorporating graphene oxide
(GO) (potential proton transport vehicle) in SPI matrix was
also explored, as GO contains different functional groups (-O-,
-OH, -COOH) responsible for hydrogen bonding with SPI and
formation of proton conducting channels.**~**

Polymer/GO composites are attractive materials for potential
applications in supercapacitors, photovoltaic devices, actuators,
and biosensors.”>>° GO is exfoliated from graphite oxide
(GtO), prepared by oxidation of graphite by modified
Hummers method. GO provides a more facile environment
for proton conduction, by a “hopping” mechanism, and
enhanced water-retention properties of composite PEM
(necessary for proton conduction in nonhumid conditions),
because of its large surface area and the presence of hydrophilic
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Scheme 1. Preparation of Sulfonated Propylsilane Graphene Oxide
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functional groups. Thus, GO was considered as an attractive
organic filler in PEM, because its incorporation enhances
proton conductivity and water retention and provides an
electron-insulating environment.”>*" But these properties of
GO could be further improved after acid functionalization by
grafting of sulfonic acid groups. Although free-standing
sulfonated GO has been reported with 0.04 S-cm™ proton
conductivity at 303 K, its mechanical stability is a serious
concern.>* Furthermore, incorporation of sulfonated GO in
sulfonated polymer matrix (SPI) is expected to improve the
proton conductivity (high concentration of sulfonic acid
groups) along with water-retention and mechanical properties
of the PEM.*>>**

Herein, we report a sulfonated propylsilane graphene oxide
(SPSGO)/SPI composite membrane with improved proton
conductivity, water retention, and mechanical properties for
DMFC applications. Strong interactions between SPI and
SPSGO were responsible for homogeneous dispersion with
hydrophobic—hydrophilic phase separation, and thus formation
of proton-conducting channels. Aliphatic—aromatic sulfonated
polyimide, previously reported by our laboratory, was chosen
because of its hydrolytically stable and nucleophilic attack-
resistant nature.”'

B EXPERIMENTAL SECTION

Materials. Graphite (Gt) powder (size 100 ym) was purchased
from SD Fine Chemicals India. Benzophenone-3,3’,4,4’-tetracarboxylic
dianhydride (BTCDA), (3-mercaptopropyl)trimethoxysilane
(MPTMS), and 1,4-diaminobutane (DAB) (99%) were received
from Aldrich. Dimethylacetamide (DMAc), tetrahydrofuran (THEF),
triethylamine (TEA), benzoic acid, m-cresol, acetone, NaNO,,
KMnO,, H,0,, H,SO,, HCl, NaOH, methanol, and NaCl of analytical
reagent (AR) grade were obtained from SD Fine Chemicals India and
used with proper purification. Other chemicals are of commercial
grade and used as received. In all experiments, Milli-Q water was used.

4,4'-Bis(4-aminophenoxy)biphenyl-3,3'-disulfonic acid (BAPBDS)
was synthesized from 4,4'-bis(4-aminophenoxy)biphenyl (BAPB)
(>97%, TCI) according to the procedure reported earlier.”

Preparation of Graphene Oxide. Graphite oxide (GtO) was
synthesized by the modified Hummers method from purified natural
flake graphite (Gt) powder. A S00 mL round-bottom flask was charged
with Gt (2.0 g), NaNO; (2.0 g), and H,SO, (96 mL) and kept in an
ice bath. KMnO, (6.0 g) was added gradually under stirring below 20
°C. Gradually, reaction temperature was increased to 35 + 3 °C for 30
min and then to 95 + 3 °C for 30 min, followed by slow addition of
H,O (180 mL). The reaction was terminated by addition of a large
amount of distilled water. Further 30% H,O, solution was added to
neutralize the excess amount of permanganate. Finally, the mixture was
centrifuged and the precipitate was washed with 5% aqueous HCI
solution, and water. The final precipitate was dried overnight under
vacuum. GO was exfoliated from GtO by ultrasonication.*

Preparation of Sulfonated Propylsilanegraphene Oxide,
Sulfonated Polyimide, and Membrane. In a typical preparation
procedure for SPSGO (Scheme 1), GO (10 mg), MPTMS [100 mg
(in 10:1 MPTMS/GO)], and anhydrous THF (100 mL) were added
to a three-neck round-bottom flask equipped with a magnetic stir bar
and condenser. The resulting mixture was refluxed at 60 °C for 15 h.
Then the reaction mixture was cooled to room temperature and THF
was removed by filtration. The obtained filtrate was treated with 30 wt
% H,0, solution at 25 °C (24 h) for oxidation of mercapto groups.
Finally, the oxidized product was filtered, washed with water/
methanol, and dried overnight under vacuum.>"®*  Sulfonated
polyimide (SPI) was prepared by our laboratory method described
earlier.”!

Membranes were prepared by solution casting method. In a typical
procedure, a known amount of SPSGO (0—8 wt % relative to the SPI)
was homogeneously dispersed in DMAc (100 mL) under sonication, a
known amount of SPI (20% w/v) was added to the solution, and the
resulting mixture was stirred for 24 h at room temperature. The
obtained highly viscous solution was cast as a thin film on a cleaned
glass plate and dried in a vacuum oven at 80 °C for 12 h. A schematic
route for preparation of these composite membranes is depicted in
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Scheme 2. Schematic Route for Preparation of SPI/SPSGO Composite Membranes
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Figure 1. Solid-state 13C NMR spectrum of SPSGO.

Scheme 2. Prepared membranes were designated as SPI/SPSGO-X,
where X is the weight percentage of SPSGO (0, 4, 6, or 8 wt %).
Instrumental Analysis. Detailed instrumental analysis such as IR
spectra, solid-state '*C NMR spectra, wide-angle X-ray diffraction
(XRD), transmission electron microscopy (TEM), scanning electron

microscopy (SEM), optical images, thermogravimetric analysis (TGA),

16995

and dynamic mechanical analysis (DMA) are included in section S1 of
Supporting Information. Bound water content was estimated from
weight loss percentage obtained by sample heating in TGA with 10
°C-min""! rate under nitrogen atmosphere between 100 and 150 °C.>®

Water Uptake, lon-Exchange Capacity, and Stability
Measurements. Detailed procedures for determination of water
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Figure 3. Solid-state *C NMR spectrum of SPI/SPSGO-8 composite membrane.

uptake, swelling ratio, and number of water molecules associated per
ionic sites (4) are included in section S2 of Supporting Information.
Ion-exchange capacity (IEC) was measured by the back-titration
method; detailed procedure is included in section S3 of Supporting
Information. Procedures for studying oxidative and hydrolytic
stabilities of the composite membranes are included in section S4 of
Supporting Information.

Membrane Conductivity and Methanol Permeability. Mem-
brane conductivity was measured in through-plane direction. Detailed
procedures for measurement of proton conductivity and electronic
conductivity are included in section S5 of Supporting Information.
Methanol permeability of the composite membranes was determined
in a diaphragm diffusion cell (see section S6 of Supporting
Information).

Direct Methanol Fuel Cell Performance. Single-cell DMFC
performance of prepared SPSGO/SPI composite membranes was
compared with pristine membrane (SPI) and Nafion 117 with the help
of a MTS-150 manual fuel cell test station (ElectroChem Inc.). Fuel
cell test station was equipped with controlled fuel flow and pressure
and temperature regulation attached with electronic load control ECL-
150 (ElectroChem Inc.). For studying DMFC single-cell performance,
the anode was made by coating a slurry of catalyst (S0 wt % Pt + SO wt
% Ru on carbon), S wt % Nafion ionomer solution, 2-propanol, and
Millipore water (catalyst ink) on gas diffusion layer at a loading of §
mg-cm~> Pt and Ru. The cathode was obtained by coating the same

catalyst ink lacking Ru at the same loading.”” Measurements were
performed in the air mode of operation at 10 psi pressure with a 2 M
methanol fede at the anode side with pressure 7 psi at 70 °C for a
representative membrane.

3. RESULTS AND DISCUSSION

Structural Characterization of GO and SPSGO. GO was
synthesized by modified Hummers method, and the presence
of oxygenated functional groups (such as hydroxyl, carboxyl,
carbonyl, and oxygen epoxide) was confirmed by the Fourier
transform infrared (FT-IR) spectrum presented in Figure Sla
(Supporting Information). Absorption bands at v = 3403, 1720,
1620, and 1053 cm™* were observed due to O—H stretching,
C=O0 stretching, adsorbed water, and C—O stretching
vibration, respectively.’® SPSGO was prepared by the
condensation reaction of GO and MPTMS followed by
oxidation of mercapto groups, and its structure was confirmed
by FT-IR and solid-state "*C NMR spectrum. FT-IR spectrum
of SPSGO showed an absorption band at v = 2927 cm™, due to
the presence of C—H stretching of methylene groups (Figure
S1b, Supporting Information). Further absorption bands at v =
1096 and 689 cm™" were observed due to Si—O stretching and
Si—C stretching, respectively. Absorption bands at v = 1026

dx.doi.org/10.1021/am504597a | ACS Appl. Mater. Interfaces 2014, 6, 16993—17002
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Figure 4. (a—c) SEM images: (a) SPI (surface), (b) SPI/SPSGO-8 (surface), and (c) SPI/SPSGO-8 (cross-section). (d—g) Optical images: (d) SPI,

(e) SPI/SPSGO-4, (f) SPI/SPSGO-6, and (g) SPI/SPSGO-8.

(SO, symmetric stretch) and 1256 cm™ (SO, asymmetric
stretch) confirmed the oxidation of mercapto groups.*”*® Solid-
state *C NMR spectrum (Figure 1) showed a peak at 68.22
ppm due to the presence of epoxide carbon and peaks at 12.02,
25.38, and 41.34 ppm due to the presence of methylene carbon
chain in SPSGO. The minor peaks at 129.36 and 168.35 ppm
were assigned to aromatic functionalities (C=C) and to
carbonyl carbons (C=0), respectively.*"**

TEM images of GO exhibited flat, exfoliated structure with
some wrinkles (Figure 2a),”® while TEM images of SPSGO
showed some black dots on the surface, attributed to the
clustering of sulfonic acid groups (Figure 2b). Presence of silica,
sulfur, and oxygen on the surface of SPSGO was further
confirmed by scanning transmission electron microscopy
(STEM), elemental mapping images, and energy-dispersive
spectroscopy (EDS) spectrum (Figure S2, Supporting
Information).

SPI/SPSGO Composite Membrane. SPI/SPSGO compo-
site membranes of different composition were prepared by
solution casting in DMAc. The FT-IR spectrum of SPI/SPSGO
composite membrane showed absorption bands at v = 670 and
1088 cm™’, due to the presence of Si—C and Si—O groups,
respectively (Figure Slc, Supporting Information). Absorption
bands at v = 1021, 1166 (SO, symmetric stretch), and 1239
em™ (SO, asymmetric stretch) confirmed the presence of
sulfonic acid groups in the membrane matrix. Peaks at v
1638, 1773, and 1705 cm™" were attributed to the C=C bond
stretching of phenol ring and symmetric and asymmetric
stretching of C=0 groups, respectively. The broad absorption
band at v = 3431 cm™' was observed due to the strong
hydrogen-bond interaction between SPI and SPSGO matrix.
Solid-state *C NMR spectrum of SPI/SPSGO composite
membrane showed all the expected peaks, clearly assigned in
Figure 3.

16997

SEM images of pristine SPI and SPI/SPSGO-8 composite
membranes (Figure 4ab) revealed the change in surface
morphology after grafting of SPSGO with SPI. Pristine SPI
membrane exhibited a smooth surface, while composite
membrane showed a relatively rough surface. Cross-sectional
image for SPI/SPSGO-8 composite membrane revealed
homogeneous grafting of SPSGO in SPI matrix (Figure 4c).
Pristine SPI membranes lost their transparency with progressive
increase in SPSGO content in the membrane matrix Figure
4d—g.

Tge XRD spectrum of graphite (Gt) showed a diffraction
peak at about 20 = 26.39°, corresponding to the interplanar
distance between the different graphene layers (Figure S3a,
Supporting Information). Due to chemical oxidation of
graphite, the order of graphene layers was disturbed and
interlayer spacing between graphene sheets was increased.
Thus, for GO, the value of the diffraction peak decreased to
around 260 = 11.80° confirming the successful oxidation of
graphite. Furthermore, broad diffraction peaks around 26 = 11°
and 20° for SPSGO also confirmed the successful modification
of GO surface by MPTMS.*

The XRD pattern of pristine SPI membrane showed a peak
at around 20 = 22.98° associated with the intricacy of an
amorphous region and a crystalline region (Figure S3b,
Supporting Information). The SPI/SPSGO-8 composite
membrane showed a broad peak, due to strong interaction
between SPI matrix and SPSGO. Broad peak at 11°
corresponds to the filler (SPSGO). Thus, exfoliation of
SPSGO layers in the SPI polymer matrix has been ruled out.

Thermal and Mechanical Properties. Thermogravimetric
analysis curves for GO and SPSGO are compared in Figure S4
(Supporting Information). Below 150 °C, GO exhibited 13 wt
% weight loss, while SPSGO showed 20 wt % weight loss,
because of evaporation of adsorbed and bound water. Between
150 and 250 °C, GO exhibited 14 wt % weight loss, due to
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decomposition of oxygen-containing functional groups (CO,
CO,, etc.), while 21 wt % weight loss for SPSGO was observed
due to decomposition of carboxylic acid and sulfonic acid
groups. Beyond 250 °C, 45.86—52.84 wt % weight loss was
attributed to the disruption of graphene oxide layers.

Thermal stability of pristine SPI and SPI/SPSGO composite
membranes was also compared with that of Nafion 117
membrane (Figure SS, Supporting Information). All mem-
branes exhibited three-step weight loss. Below 150 °C, weight
loss was observed due to evaporation of absorbed and bound
water. Between 200 and 400 °C, weight loss was observed due
to decomposition of oxygen-containing functional groups (CO,
CO,, SO;H, etc.). Above 450 °C, weight loss was observed due
to decomposition of polymer backbones, and in the case of
different composite membranes, weight loss was reduced with
increasing SPSGO content in the membrane matrix. Finally,
values of 37.21 and 49.28 wt % remaining residues were
obtained for pristine SPI and SPI/SPSGO-8 composite
membrane. Thus, incorporation of SPSGO in the SPI matrix
improved the thermal stability of composite membranes. At
750 °C, SPI/SPSGO-8 composite membrane showed 50.37 wt
% residual mass, while only 7.70 wt % residual mass for Nafion
117 also revealed improved thermal stability of the former in
comparison with the latter.

Mechanical stability of membranes was studied in terms of
storage modulus via the dynamic mechanical analyzer (Figure
S6, Supporting Information). The storage modulus of SPI
matrix increased with the addition of SPSGO and afforded
significant mechanical reinforcement. The SPI/SPSGO-8
membrane exhibited 2840 MPa storage modulus while pristine
membrane exhibited 2238 MPa storage modulus at 30 °C.
Compared with Nafion 117 membrane, SPI/SPSGO-8
composite membrane exhibited 9 times more storage modulus
at 30 °C.

Oxidative and Hydrolytic Stability. Oxidative and
hydrolytic stabilities of SPI/SPSGO composite membranes, in
wet conditions, were extensively analyzed by recoding the
weight loss under treatment with Fenton’s reagent at 80 °C for
1 h and under pressurized steam at 140 °C for 24 h,
respectively. Under both conditions, membranes were un-
broken and showed about 0.98—2.29% weight loss (Table 1).

Table 1. Oxidative and Hydrolytic Stability of Different
Composite Membranes

oxidative stability hydrolytic stability

membrane (% wt loss) (% wt loss)
SPI 2.11 £ 0.5 098 + 0.5
SPI/SPSGO-4 2.18 + 0.5 1.14 £ 0.5
SPI/SPSGO-6 223 + 0.5 1.19 + 0.5
SPI/SPSGO-8 229 £ 0.5 126 + 0.5

These data confirmed the oxidative and hydrolytic stable nature
of SPI/SPSGO composite membranes may be due to strong
hydrogen-bonding interactions between SPSGO and sulfonic
acid groups of SPI matrix.

Water Uptake, Swelling Ratio, lon-Exchange Capacity,
and State of Water. Incorporation of nonconducting
materials (such as TiO,, SiO,, graphene, etc.) into ionic
conducting SPI matrix would lower the proton conductivity
and IEC. To avoid this deterioration, GO was functionalized
into SPSGO by grafting of -SO;H groups and incorporated into
SPI matrix for developing PEM with improved conductivity and
IEC. Water uptake (WU), swelling ratio, and IEC (Table 2) are
the important parameters in determining the hydrophilic nature
of the membranes. Pristine SPI and GO-incorporated
composite membrane (SPI/GO-8) showed relatively low WU
values. The WU values for SPI/SPSGO composite membranes
increased with SPSGO content, which may be due to increased
density of hydrophilic functional groups. Swelling properties of
pristine SPI membrane altered markedly after incorporation of
GO/SPSGO (Table 2). Incorporation of GO into SPI matrix
reduced its swelling behavior, while functionalized SPSGO
enhanced the swelling behavior. Improved swelling behavior of
SPI/SPSGO composite membrane was attributed to the highly
hydrophilic membrane surface due to high density of sulfonic/
carboxylic acid groups in SPSGO. Thus, it is necessary to study
the trade-off behavior of composite membranes by varying the
content of membrane-forming material and properties.

IEC values of composite membranes increased with SPSGO
content in membrane matrix, and SPI/SPSGO composite
membranes showed high IEC values in comparison with Nafion
117 membrane (0.90 mequiv-g™") (Table 2). This observation
also supports the aforementioned statements. Alternatively, the
values depicted in Table 2 were increased with incorporation of
SPSGO content to SPI matrix, and SPI/SPSGO-8 composite
membrane showed 15.12 water molecules per ionic site (4),
responsible for formation of ionic clusters in the membrane
matrix. In the case of Nafion 117 membrane, a value of about
25.68 water molecules per ionic site was found.

Water-Retention Ability of SPI/SPSGO Composite
Membranes. Water-retention ability of PEM plays an
important role for proton conduction at elevated temperature
(>100 °C). PEM possess two types of water: bound water and
bulk water. Bound water is required for solvation of the acidic
groups, while bulk water fills the void volume.” For easy
comparison, weight loss percentages for different membrane
samples were fixed at 100% at 100 °C (Figure S7, Supporting
Information). Pristine SPI and Nafion 117 membrane showed
the lowest and comparable water retaining ability with 0.62%
and 1.04% bound water content, respectively (Table 3). Among
the SPI/SPSGO composite membranes, 6.58% bound water
content for SPI/SPSGO-8 membrane confirmed the enhanced

Table 2. Water Uptake, Ion-Exchange Capacity, Swelling Ratio, and Number of Water Molecules per Ionic Site for Different

Membranes
membrane WU (%) IEC (mequiv/g)
SPI 31.31 + 0.3 1.77 £ 0.0S
SPI/GO-8 3020 £ 0.3 1.71 + 0.05
SPI/SPSGO-4 45.04 + 0.3 1.83 + 0.05
SPI/SPSGO-6 49.28 £ 0.3 1.89 + 0.0S
SPI/SPSGO-8 55.82 + 0.3 2.05 + 0.05
Nafion 117 41.60 + 0.3 0.90 £ 0.05
16998

swelling ratio (%) at 65 °C A
10.56 + 0.2 9.82 + 0.2
8.19 + 0.2 9.81 £ 0.2
11.28 + 0.2 13.67 £ 0.2
12.86 + 0.2 1448 + 0.2
1329 + 0.2 15.12 £ 0.2
15.0S +£ 0.2 25.68 + 0.2
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Table 3. Total, Bulk, and Bound Water Content of Different
Composite Membranes and Nafion 117 Membrane

membrane total water (%)  bulk water® (%) bound water” (%)
SPI 31.31 + 03 30.69 + 0.2 0.62 + 0.1
SPI/GO-8 30.20 + 0.3 2898 + 0.2 122 + 0.1
SPI/SPSGO-4 45.04 + 0.3 41.06 + 0.2 398 + 0.1
SPI/SPSGO-6 49.28 + 0.3 4441 = 0.2 4.87 £ 0.1
SPI/SPSGO-8 55.82 + 0.3 49.24 + 0.2 6.58 + 0.1
Nafion 117 41.60 + 0.3 40.56 + 0.2 1.04 + 0.1

“Bulk water = total water — bound water. “Bound water was

determined by percent weight loss in TGA between 100 and 150 °C.

bound water content of the SPI matrix due to incorporation of
SPSGO. High bound water content of composite membranes
improved their water-retaining ability and thus proton
conductivity under low-humidity conditions.

Water vapor sorption and diffusion properties of PEMs
showed a profound effect on their conductivity and suitability
for fuel applications. The water-retention capability of SPI/
SPSGO composite membranes has been illustrated in Figure
S8a (Supporting Information) by M,/M, versus t (time) curves.
Deswelling kinetics of these composite membranes was further
characterized by M,/M, versus 2 curves (Figure S8b,
Supporting Information) by use of Higuchi’s model:**

M,/M, = —kt'/* + 1 (1)

where M, is the initial amount of water, M, is the amount of
water remaining in polymer matrix at any given time t, and k is
a constant. For different composite membranes with varied
content of SPSGO, obtained straight lines were fitted to
Higuchi’s model, which suggested a diffusion-controlled water
desorption mechanism. SPSGO possesses a high density of
functional groups, responsible for the formation of bound
water-filled ionic clusters in the membrane matrix. Because of
more bound water, the polymer matrix was less opting to
dehydration. Thus, SPSGO acted as a barrier for water release
and improved the water-retention capacity even at higher
temperature.

Conductivity and Methanol Permeability. Acidic func-
tional groups (-SO;H and -COOH) of composite PEM
membranes dissociate due to hydration and allow transport
of hydrated proton (H;0"). Proton conductivity (x™) is an
important parameter to assess the suitability of a membrane for
PEM fuel cell applications. The k™ values at 30 °C for SPI, SP1/
GO, and SPI/SPSGO composite membranes are included in
Table 4. Incorporation of SPSGO in SPI matrix improved the
proton conductivity, perhaps due to formation of intercon-
nected proton conducting channels (Scheme 2). SPI/GO-8
membrane showed 7.19 X 107> S-cm™' membrane conductivity,

while the corresponding value for pristine SPI membrane was
6.04 X 107 S-cm™. This may be attributed to the absence of
sulfonic acid groups in GO. Accordingly, IEC values for pristine
SPI (1.77 mequiv/g) and SPI/GO-8 membrane (1.71 mequiv/
g) support this observation. Also, proton conductivity of
pristine SPI membrane (6.04 X 107> S-cm™') was markedly
improved to 9.62 X 107> S-cm™ for SPI/SPSGO-8 membrane
(nearly equal to proton conductivity of Nafion 117 membrane).

Temperature dependence (30—90 °C) of k™ for prepared
membranes showed consistency with the Arrhenius relationship
(Figure 5). Activation energy (E,), the minimum energy
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Figure S. Arrhenius plots of different composite membranes (error
limit +0.3%).

required for proton conduction, varied from 4.57 to 4.03 kJ-
mol™" for pristine SPI and composite membranes. Incorpo-
ration of SPSGO in the SPI matrix moderately reduced the
activation energy values (Table 4). These data confirmed
relatively easy proton conduction across SPI/SPSGO mem-
branes.

Very small loading of GO to add electron conductivity to
polymer insulators is well-known. Conductivity values depend
on the composition and characteristics of GO, like aspect ratio
and surface functionalization (Table 4). Data revealed that
electron conductivity of pristine SPI jumped about 4-fold after
incorporation of GO (SPI/GO-8 membrane). After function-
alization (with SPSGO), the increase of electronic conductivity
relative to pristine SPI was only about 2—3-fold, depending on
composition. But these values are low in comparison with that
obtained without functionalization. The electrical property of
GO is known to be very dependent on structural changes
caused by chemical treatment and may be due to partial
disturbance of z-conjugated sp* carbon bonds.

Membrane permeability (P) depends on the nature of the
membrane-forming material and operating conditions of the

Table 4. Proton Conductivity,” Electronic Conductivity, Selectivity Parameter,”” and Activation Energy for Different

Composite Membranes and Nafion 117 Membrane

membrane K™ X 1072 (S-em™) electronic conductivity X 10~ (S:em™) SP X 10* (S:cm™ -s) E, (kJ-mol™")
SPI 6.04 + 0.01 1.74 + 0.3 4.13 + 0.0 4.57 £ 0.2
SPI/GO-8 7.19 £ 0.01 6.87 + 0.3 5.32 + 0.0 444 +£ 0.2
SPI/SPSGO-4 7.88 + 0.01 3.51 +0.3 5.55 + 0.0 4.37 £ 0.2
SPI/SPSGO-6 8.81 + 0.01 4.76 + 0.3 6.43 + 0.05 4.30 + 0.2
SPI/SPSGO-8 9.62 + 0.01 592 + 0.3 7.34 + 0.05 4.03 +£ 0.2
Nafion 117 9.56 + 0.01 3.73 + 0.05 545 £0.2
“Testing temperature 30 °C. ®Measured in 8 M methanol.
16999 dx.doi.org/10.1021/am504597a | ACS Appl. Mater. Interfaces 2014, 6, 16993—17002



ACS Applied Materials & Interfaces

Research Article

fuel cell, such as temperature, feed composition, and pressure.
When GO was added to the SPI matrix, methanol permeability
was reduced (Figure 6). However, without functionalization by
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= 40
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Figure 6. Methanol permeability (P) of composite membranes in pure
and 8 M methanol at 30 °C (error limit +0.1%).

GO, the weak adhesion between polymer matrix and nanofillers
gives rise to cavities, which favor molecular diffusion. With
functionalization, the membrane’s void volume was reduced
because of strong H-bonding. This is further leading to much
slower diffusion of the penetrants and low permeability.
Methanol permeability of the pristine SPI membrane for 8 M
methanol at 30 °C (14.6 X 1077 cm?s™") was reduced to 13.1
X 1077 cm*s™' in the case of SPI/SPSGO-8 composite
membrane. As a reference, methanol permeability of SPI/
SPSGO-8 membrane was quite low in comparison with Nafion
117 membrane under similar experimental conditions. Mem-
brane separation performance depends on the interaction
between species to be diffused and on the membrane matrix.
Hydrophilic membranes like SPI/SPSGO composite developed
H-bond interaction with methanol/water, leading to their
preferential sorption and permeation of water through the
membrane.

The ratio between proton conductivity and methanol
permeability (k"/P) is known as the selectivity parameter
(SP) (Table 4). The SP value for pristine SPI membrane (4.13
x 10* S-em™s) increased to 7.34 X 10* S:em™s for SPI/
SPSGO-8 membrane. Furthermore, SPI/SPSGO-8 membrane
exhibited about 1.60-fold greater values than that for Nafion
117 membrane. This may be attributed to improved proton
conductivity and reduced methanol permeability of SPI/
SPSGO composite membrane, in comparison with pristine
SPI membrane. Ionized groups hydrate strongly and exclude
organic solvents (salting-out effect), which is an essential
feature for the PEM and indicates a great advantage for DMFC
applications.

Direct Methanol Fuel Cell Performance Studies. Figure
7a shows single-cell DMFC performance for SPI/SPSGO
composite membranes, pristine SPI membrane, and Nafion 117
membrane. Polarization curves (current density as a function of
cell potential and power density) were recorded with 2 M
methanol as the fuel at 70 °C. SPI/SPSGO-8 membrane
showed high open-circuit voltage (OCV) (0.70 V) in
comparison with Nafion 117 (0.68 V). At 0.2 V applied
voltage, SPI, SPI/GO-8, SPI/SPSGO-8, and Nafion 117
membranes showed 165, 194, 334, and 270 mA-cm™* current
densities, respectively. These data confirmed comparable
DMEFC performance of SPI/SPSGO-8 composite and Nafion
117 membrane. Furthermore, after incorporation of SPSGO in
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Figure 7. (a) Direct methanol fuel cell tests curves for SPI/SPSGO
composite membranes and Nafion 117 membrane with 2 M methanol
at 70 °C (error limit +0.5%). (b) Polarization and power density of

single cells employing a SPI/SPSGO-8 membrane with 2 M methanol
at different temperatures.

SPI matrix, cell performance was clearly improved in
comparison with pristine SPI membrane. The maximum
power density for SPI/SPSGO-8 composite membrane (75.06
mW-cm ™) indicated comparable DMFC performance to
Nafion 117 membrane (62.40 mW-cm™2). Also, the result of
methanol permeability of SPI/SPSGO-8 membrane makes it
possible to operate the single-cell tests with methanol fuel in
high concentrations. Increase in operating temperature is
beneficial for DMFC operation. In the case of SPI/SPSGO-8
membrane, maximum power output of the cell, 75.06 mW-cm™>
at 70 °C, increased to 98.18 mW-cm™> at 130 °C (Figure 7b).
In addition, DMFC performance with SPI/SPSGO-8 mem-
brane was studied for 70 h by recording the current density
(Figure 8). The cell with SPI/SPSGO-8 membrane showed
reasonable stability with a gradual drop in current density (0.27
mA-h™" degradation rate) over the test period. These studies
confirmed reasonable stability of the cell with prepared SPI/
SPSGO-8 membrane.

Bl CONCLUSIONS

We successfully functionalized GO by grafting -SO;H groups.
SPI/SPSGO composite PEMs were fabricated and charac-
terized. Loading of acidic functionalized GO (SPSGO) in the
SPI matrix influenced different desirable membrane properties
relevant for DMFC applications (Figure 9). The most suitable
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Figure 9. Influence of GO and SPSGO on different desirable

membrane properties.

assessed PEM (SPI/SPSGO-8) contained 8 wt % SPSGO, and
the following effects were obtained: (1) improvement in
membrane stabilities and about 10-fold enhanced bound water
content; (2) improvement in proton conductivity from 6.0 to
9.62 S-em ™" (nearly equal to that for Nafion 117); (3) marginal
jump in electron conductivity (about 3-fold); and (4) marginal
reduction of methanol permeability in comparison with pristine
SPI membrane.

The content of SPSGO in SPI matrix not only promoted
proton conductivity but also improved the mechanical and
thermal stabilities along with bound water content, responsible
for slow dehydration of the membrane matrix. The composite
membranes were designed to promote internal self-humid-
ification responsible for water-retention properties and to
promote proton conduction due to the presence of different
acidic functional groups. Strong H-bonding between the
functional groups and presence of hydrophobic graphene
sheets and polymer chains provides a suitable architecture of
proton conducting channels in the membrane matrix. Single-
cell DMFEC performance of SPI/SPSGO composite membranes
also confirmed the suitability of optimized SPI/SPSGO-8
membrane for DMFC applications.

However, several limitations, including lifetime of the
membrane electrode assembly of the proposed PEMs, have
to be overcome before commercial exploitation is feasible.
Nevertheless, proposed results showed significant scope for the
simple designing of nonfluorinated PEM with better perform-
ance.
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