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1. INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) are being
developed intensively due to their great potential as environ-
mentally benign energy conversion devices for transportation,
residential, and portable applications.1 Operation of PEMFCs at
high temperatures (above 100 �C)would significantly boost their
performance by enhancing the electrode reaction kinetics, limit-
ing the excessive precious metal (Pt) catalyst requirement, along
with improving the electrocatalyst CO tolerance and allowing
easier thermal and water management of the system.2 However,
high temperature operation of PEMFCs is not practical while
using the state-of-the-art hydrated perfluorosulfonic acid mem-
branes (PFSA, under the commercial name of Dupont Nafion),
as they require strict humidification under temperatures above
80 �C due to the evaporation of water from the membrane
structure.3�7 Considerable research efforts have been devoted to
developing organic�inorganic composite membranes able to
operate at increased temperatures. Incorporation of hygroscopic
inorganic nanomaterials,8�14 such as ZrO2, SiO2, TiO2, P2O5,
and Zeolite nanoparticles and TiO2 nanotubes and nanowires,
into the structure of the PFSA has been demonstrated to result in
composite membranes with promising proton conductivity at
high temperature and low relative humidity.15�22

Graphene oxide (GO) has been considered attractive for
many applications owing to its unique thermal and mechanical
properties.23�25 Upon incorporation in PFSA, the unique struc-
ture and high surface area of the GO may provide more proton
transport channels and hold more water, which could be
beneficial for the improvement of the proton conductivity and

mechanical properties of the membranes.25�27 In the present
work, the effects of functionalized graphene oxide (F-GO)
nanosheets have been investigated as inorganic fillers in a Nafion
composite membrane, fabricated by a simplistic solution casting
method. The surface morphology, thermal stability, ion exchange
capacity, water uptake, and proton conductivity have been
investigated. Moreover, the performance of this composite
membrane has been investigated in high temperature PEMFCs
at low relative humidity conditions and found to provide good
performance, rendering this material as a very promising material
for application in PEMFCs operating at elevated temperatures.

2. EXPERIMENTAL METHODS

2.1. Synthesis of GrapheneOxide (GO).The graphene oxide
(GO) nanosheets were produced from natural graphite flakes by
the modified Hummer’s method.25,28�30 Graphite powder (2 g)
and sodium nitrate (NaNO3, 1 g) were combined in a round-
bottom flask. Concentrated sulfuric acid (H2SO4, 46 mL) was
added while stirring in an ice bath at 0 �C. Potassium permanga-
nate (KMnO4, 6 g) was added very slowly because it is a strong
oxidizing agent. The flask was removed from the ice bath and
stirred for 1 h at room temperature. Distilled deionized water
(DDI, 92 mL) was then added drop by drop, generating a
significant amount of heat and gas. After further stirring for
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30 min, the reaction mixture was diluted with warm DDI water
(280 mL), and 30% hydrogen peroxide (H2O2, 40 mL) was
added to neutralize any remaining permanganate. The product
was then filtered and washed with copious amounts of 5%
hydrochloric acid (HCl), after which it was centrifuged several
times until the excess HCl was removed, collected by filtration,
and dried in an oven at 70 �C overnight.
2.2. Functionalization of Graphene Oxide (F-GO) with

Sulfonic Acid-Containing Groups. The functionalization of
GO (F-GO) nanosheets was performed by using 3-mercapto-
propyl trimethoxysilane (MPTMS) as the sulfonic acid func-
tional group precursor.31 The reaction was carried out in toluene
at a temperature of 110 �C under reflux conditions for 24 h, with
1:15:70 weight ratios of GO, MPTMS, and toluene, respectively.
The mercapto groups grafted onto the GO nanosheets were then
oxidized to sulfonic acid groups by using 30 wt % H2O2 solution
at 25 �C for 24 h. The prepared samples were filtered and washed
with ethanol and water to remove the precursor residue. Samples
were dried overnight prior to characterization.
2.3. Casting F-GO/Nafion Nanocompposite Membrane.

F-GO/Nafion composite membranes (5 or 10 wt %) were casted
by mixing 5 or 10 wt % F-GO with an appropriate amount of
Nafion 1100 EW solution (5%, DuPont) and ethanol. Then, the
mixtures were ultrasonicated for 30min and heated at 60 �Cuntil
half of the solution evaporated. Finally, the mixture was heated at
100 �C for 2 h and then 140 �C for 1 h.32 Both pure Nafion and
F-GO/Nafion composite membranes were pretreated by boiling
in a 3% H2O2 aqueous solution for 1 h, rinsed in boiling
deionized water for 1 h, boiled in 0.5 M H2SO4 for 1 h, and
finally rinsed again in deionized water before being tested.33

2.4. Proton Conductivity Measurement. The proton con-
ductivity of GO and F-GO powders was estimated by using a
two-electrode setup.35 First, each of the powdered samples was
individually loaded into a tube cell with a diameter of 1.6 mm in
which the two electrodes are inserted from the top and bottom.
Then, they were pressed for several hours. To attain water-
saturated conditions, the fixture was disassembled from the top,

and 20 μL of double deionized water was injected with a syringe
onto the sample in each cell. The water was allowed to soak into
the samples for 30min. The top electrodes were then replaced; the
fixture was reassembled; and the sample cells were retorqued. The
proton conductivity was measured at 100% relative humidity at
different temperatures ranging from20 to 80 �C to probe the effect
of sulfonic acid functionalization on the GO ionic conductivity.
The proton conductivity of all membranes was obtained by a

four-electrode method using AC impedance spectroscopy36 with
potentiostat control (CHI760D model). The impedance was
measured in the frequency range between 1 MHz and 0.1 Hz
with a perturbation voltage amplitude of 5 mV. The humidity was
controlled by mixing water-saturated nitrogen gas with dry nitro-
gen gas, while the system temperature was fixed at 80, 100, and
120 �C. This method effectively avoids contact resistance, and the
results are very reproducible. The proton conductivity (σ) of all
powdered samples andmembranes was then determined along the
longitudinal direction, using the following equation37�39

σ ¼ L
AR

ð1Þ

where σ, L, R, and A denote the ionic conductivity, sample length
(or distance between the reference electrodes in the membrane),
the resistance of the powder/membrane, and the cross-sectional
area of the powder/membrane, respectively.
2.5. Water Uptake (WU) and Ion Exchange Capacity (IEC).

Tomeasure the water retention capability of the membranes, the
WU (%) was calculated. For this, the membranes were first
immersed and saturated in deionized water at room temperature
for 24 h. They were then taken out and weighed immediately
after the water droplets were removed from the surface. Follow-
ing this, they were vacuum-dried at 80 �C for 24 h, put into a
plastic sealing bag immediately, and weighed. The WU was
determined from the following equation40,41

WU ð%Þ ¼ Wwet �Wdry

Wdry
� 100 ð2Þ

Figure 1. TEM of unmodified GO at (a) low magnification and (b) high magnification. SEM images of GO at (c) low magnification and
(d) high magnification.

http://pubs.acs.org/action/showImage?doi=10.1021/jp204610j&iName=master.img-001.jpg&w=338&h=222


20776 dx.doi.org/10.1021/jp204610j |J. Phys. Chem. C 2011, 115, 20774–20781

The Journal of Physical Chemistry C ARTICLE

where WU (%), Wwet, and Wdry are the water uptake by weight
percentage, the weight of the wet membrane, and the weight of
the dry membrane, respectively.
IEC of each membrane was determined by a back-titration

method. At first, the samples were dried until the weight was
constant, after which each sample was soaked in 0.2 M NaCl
(50 mL) for 24 h to exchange sodium ions with protons in the
composite membranes. Back titration was then accomplished
with 0.01 M NaOH standardized solution, and IEC values were
calculated by the following equation42

IEC ¼ VNaOH � CNaOH

Wdry
ð3Þ

where IEC is the ion exchange capacity (meq g�1); VNaOH is the
added titrant volume at the equivalent point (mL); CNaOH is the
molar concentration of the titrant; andWdry is the drymass of the
sample (g).
2.6. Physico-Chemical Characterization. The overall mor-

phology of all samples was examined by using transmission
electron microscopy (TEM, JEM-100CX II) and scanning
electron microscopy (SEM, LEO FESEM 1530). X-ray photo-
electron spectroscopy (XPS, Thermal Scientific K-Alpha XPS
spectrometer) was used to investigate the surface elemental
composition and atomic configurations of both GO and F-GO.
Fourier transform infrared spectroscopy (FTIR, PerkinElmer-
283B FT-IR Spectrometer) was used for determination of the

Figure 2. Wide region XPS spectra of (a) GO and (b) F-GO. Deconvoluted XPS spectra in the C1s region for (c) GO and (d) F-GO. Deconvoluted
XPS spectra in the O1s region for (e) GO and (f) F-GO.

http://pubs.acs.org/action/showImage?doi=10.1021/jp204610j&iName=master.img-002.png&w=402&h=488


20777 dx.doi.org/10.1021/jp204610j |J. Phys. Chem. C 2011, 115, 20774–20781

The Journal of Physical Chemistry C ARTICLE

functional groups present in the Nafion and F-GO/Nafion
membranes.
2.7. Membrane Electrode Assembly (MEA) Fabrication

and Testing. The performance of the 10 wt % F-GO/Nafion
and recast Nafion membranes in a fuel cell setup was determined
using a single-cell MEA setup fabricated using a decal method as
described elsewhere.34 The electrocatalyst used in the anode and
cathode was Pt/C (20 wt %, E-TEK). Briefly, catalyst ink was
prepared by mixing the catalyst with 5% Nafion solution for 1 h.
Glycerol was subsequently added, and the solution was stirred for
24 h. After preparation, the catalyst ink was painted onto decal
Teflon blanks and dried in an oven. This process was repeated
until the desired catalyst loading was achieved. Each membrane
sample was cleaned and boiled in a dilute NaOH solution to ion
exchange themembrane toNa+. After rinsing, themembrane was
dried by hot pressing and then cooled prior to MEA fabrication.
The MEA with an active electrode area of 5 cm2 was obtained by
pressing the cathode and anode onto each side of the recast Nafion
or 10 wt % F-GO/Nafion composite membrane at 210 �C and 110
lbs cm�2 for 5 min. Decals could then be removed, leaving the
catalyst layers firmly attached to the membrane surface. The MEA
was assembled into the fuel cell hardware for testing. Catalyst
loading was 0.2 mgPt cm

�2 for the cathode and 0.1 mgPt cm
�2 for

the anode, and gas flow rates of 0.2 and 0.5 L min�1 were used for
hydrogen and oxygen, respectively.

3. RESULTS AND DISCUSSION

The nanosheet structure and morphology of GO were in-
vestigated by TEM and SEM imaging as displayed in Figure 1.
TEM analysis (Figure 1a,b) showed that the pristine graphene
oxide nanosheets appeared relatively flat with some wrinkles,
consistent with the morphology typically reported in the
literature.22,43�46 The SEM images of GO (Figure 1c,d) displayed
the exfoliated layered structure of graphene oxide agglomerates.9

The chemical composition of both unmodified and function-
alized GO was determined by XPS. Upon analysis of the wide-
range XPS patterns displayed in Figure 2a,b, two new peaks were
observed for F-GO at binding energies of 169.48 and 104.28 eV,
attributed to S 2p and Si 2p components, respectively. This
confirms the successful attachment of the sulfonic acid contain-
ing precursor (MPTMS) onto the surface of the GO nanosheets.
Furthermore, upon high resolution analysis, no S 2p peak at a
binding energy of 164 eV (corresponding to�SH)was observed,
confirming the complete oxidation of�SH to�SO3H functional
groups.20 To provide more insight regarding the surface-deco-
rated functional groups, deconvulated XPS spectra of the C 1s

Table 1. Summary of C 1s and O 1s XPS Spectral Data

sample

binding

energy [eV] assignment

C 1s

GO

284.4 sp2 and sp3 hybridized C�C/ C�H

285.4 C�OH

286.6 C�O�C

288.2 CdO

290.0 O�CdO

F-GO

283.7 C�Si

284.4 sp2 and sp3 hybridized C�C/ C�H

285.4 C�OH/ C�O�Si/ C�S

286.3 C�O�C

287.6 CdO

288.8 O�CdO

290.1 π�π* shake up satellite of the sp2

hybridized C

291.5 π�π* shake up satellite of the sp2-

hybridized C

O 1s

GO

531.0 O�CdO

532.4 CdO

534.9 C�OH

F-GO

531.5 O�CdO

532.7 CdO/OdSdO

533.7 Si�O

534.9 C�OH/ C�O�Si

Figure 3. Top view SEM images of (a) recast Nafion and (b) 10 wt %
F-GO/Nafion composite membrane. Cross section view of SEM
images for (c) recast Nafion and (d) 10 wt % F-GO/Nafion composite
membrane. (e) The pictures of recast Nafion and 10 wt % F-GO/Nafion
composite membranes.

Table 2. Atomic Percentages of Pristine Graphene Oxide
(GO) and Sulfonic Acid Functionalized Graphene Oxide
(F-GO) Determined from XPS

sample C [atom %] O [atom %] Si [atom %] S [atom %]

GO 73.16 26.84 - -

F-GO 36.03 44.76 3.73 15.48

http://pubs.acs.org/action/showImage?doi=10.1021/jp204610j&iName=master.img-003.jpg&w=240&h=343
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(Figure 2c,d) andO 1s (Figure 2e,f) signals are provided for both
GO and F-GO. Comparison of the C 1s signal clearly indicates a
change in the degree of surface oxidation before (Figure 2c) and
after (Figure 2d) MPTMS functionalization. F-GO (Figure 2d)
demonstrates three new peaks (283.7, 290, and 291.5 eV;
Table 1) other than those assigned to the GO surface functional
groups. Moreover, the peak intensities and binding energies
observed for F-GO are slightly different than those in GO. This
is because of the exposure of highly reactive hydroxyl and
epoxy groups47�49 to the sulfonic acid containing precursor
(MPTMS), leading to a decrease in the epoxy and hydroxyl
components present on the surface, and the addition of new
C�O�Si and/or C�S bonds contributing to the peak observed
at 285.4 eV.

The functionalized graphene oxide has shown a greater con-
centration of surface oxygen, 44.76 atom%, compared to pristine
graphene oxide, 26.84% (Table 2). The O 1s XPS peaks of GO in
Figure 2e are composed of three components includingO�CdO,
CdO, and C�OHwith their binding energy at 531.0, 532.4, and
534.9 eV, respectively.44,49 These peaks are shifted to 531.5,
532.7, and 534.9 eV in F-GOwith a new peak appearing at 533.7 eV,
indicating the creation of Si�O bonds due to the addition of a
sulfonic acid containing precursor, MPTMS (Figure 2f).

Furthermore, the peak at 532.7 eV for F-GO has become more
intense and shifted to slightly higher binding energies compared
with that ofGO (532.4 eV), assigned to a combination of CdOand
OdSdO bonds, confirming the complete oxidation of �SH to
�SO3H.

20,50

The top view SEM images of recast Nafion and 10 wt %
F-GO/Nafion composite membranes were compared in Figure 3a
and 3b to determine the changes of the Nafion membrane surface
after grafting F-GOnanofillers. It was observed that the bare recast
Nafion has a smooth surface, while after the incorporation of
F-GOnanosheets the surface became significantly rougher. Also, it
was seen that the surface of Nafion was uniformly covered with
dark sheets of F-GO, indicating the successful grafting of sulfo-
nated GO sheets onto the F-GO/Nafion electrolyte polymer
surface. Cross-section SEM images of recast Nafion and 10 wt %
F-GO/Nafion nanocomposite membranes are shown in Figure 3c
and 3d, respectively. Distinct differences are observed, with the
recast Nafion membrane presenting a relatively smooth cross
section, whereas the F-GO/Nafion nanocomposite membrane
displayed a very rough cross section. This is in agreement with the
previous report by Lian et al.51 Figure 3e provides visual compar-
ison of the 10 wt % F-GO/Nafion nanocomposite membrane to
the transparent recast Nafion.

For elemental analysis of the membranes, the Fourier-trans-
formed infrared (FT-IR) spectrum of F-GO/Nafion was com-
pared to that of recast Nafion (Figure 4). The assignments of the
recast Nafion FT-IR spectrum was made by comparison with
Nafion values obtained in the literature presented in Table 3.52�56

The bands at 590, 793, 974, 1188, and 1354 cm�1 are typical of
C�S, CF�CF3, C�O, CF2, and SO3H groups which are in good
agreement with previous reports.57,58 The two bending frequen-
cies of 1626 and 1760 cm�1 could be possibly assigned toH2O and
H5O2

+ species53,59 since before FT-IR spectroscopy the mem-
branes had not been completely dried and had low values of water
content. The H-bonded OH stretching vibrations were in an
extremely broad band region between 3178 and 3387 cm�1, and
the free sharp OH group band appeared at 3622 cm�1.

In the F-GO/Nafion composite membrane, all of the expected
functional groups of the Nafion backbone structure are observed
(Figure 4, Table 3). The absence of peaks at 1060, 1250,
and 1365 cm�1 indicates that all epoxide and hydroxyl
groups attached to the basal pristine graphene layer have been
removed,52 confirming that they have been attacked and sulfo-
nated by MPTMS. However, CF�CF3 and C�O functional

Table 3. FT-IR Data Analysis for Recast Nafion and 10 wt % F-GO/Nafion Membranes

recast Nafion 10 wt % F-GO/Nafion

wavenumber [cm�1] assignment wavenumber [cm�1] assignment

590 C�S 590 C�S

793 C F�CF3 801 C F�CF3
974 C�O 982 C�O

1188 CF2 1188 CF2
1354 SO3H 1354 SO3H

1626 H2O 1620 CdC

1760 H5O2
+ 1748 CdO/H5O2

+

3178�3387 H-bonded OH 2893�3000 aliphatic (CH2)3
3622 free OH 3144 aromatic C�H

3160�3368 H-bonded and carboxy OH

3522�3620 free OH

Figure 4. FT-IR spectra comparison between recast Nafion and 10wt%
F-GO/Nafion composite membranes.
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groups are shifted to higher wave numbers of 801 and 982 cm�1,
respectively. This peak shift can be attributed to changes of the
chemical surroundings which may also affect the extinction
coefficient of different functional groups.60,61 The absorption
bands at 1620 and 1748 cm�1 confirm the existence of aromatic
CdC and carboxy CdO/H5O2

+, respectively. The presence of
aliphatic C�H is indicated by the band stretching from 2893 to
3000 cm�1, assigned to the (CH2)3 chains in the MPTMS
sulfonic acid precursor.62 Adjacent to this region, a peak at

3144 cm�1 was observed which refers to aromatic C�H str-
etching vibrations. In the F-GO/Nafion membrane, the broad
band of OH groups in the region between 3160 and 3368 cm�1

indicated the presence of both H-bonded and carboxy OH
groups. Another broad band was also seen in the region between
3522 and 3620 cm�1 which is believed to be related to free OH
groups.

The water uptake (WU) and ion exchange capacity (IEC) of
5% and 10% F-GO/Nafion nanocomposite membranes are
compared to that of recast Nafion as displayed in Figure 5. It is
seen that the WUs of the F-GO/Nafion membranes are higher
than that of recast Nafion, displaying WU values 2% and 6%
higher for 5% F-GO/Nafion and 10% F-GO/Nafion, respec-
tively. Furthermore, the IEC of the membranes was found to
increase with higher F-GO contents such that 0.96, 0.93, and
0.91 meq g�1 were determined for 10% F-GO/Nafion, 5%
F-GO/Nafion, and recast Nafion, respectively.

Figure 6a provides a comparison of the GO and F-GO powder
ionic conductivity. The ionic conductivity of F-GO was found to
be about 3 orders of magnitude higher at 20 �C and more than 1
order of magnitude higher at 80 �C than GO. This can be
attributed to the higher sulfonic acid content of GO which helps
the absorption and retention of more water, distinctively at high
temperatures. In Figure 6b�d, the relative humidity dependence
of the proton conductivity of the recast Nafion and the F-GO/
Nafion composite membranes with 5 and 10 wt % loadings of
F-GO are determined at temperatures of 80, 100, and 120 �C,
using a four-electrode AC impedance method.38,39 It can be
observed that the incorporation of functionalized GO into the

Figure 5. WU (%) and IEC (meq g�1) of recast and composite Nafion
membranes.

Figure 6. (a) Proton conductivity (σ) comparison between GO and F-GO powders. Proton conductivity of recast Nafion and F-GO composite
membrane with doping levels of 5 and 10% at temperatures (T) of (b) 80 �C, (c) 100 �C, and (d) 120 �C at various relative humidities (RHs).

http://pubs.acs.org/action/showImage?doi=10.1021/jp204610j&iName=master.img-005.jpg&w=240&h=174
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matrix of Nafion has significantly increased the proton conduc-
tivity, particularly at the high temperature of 120 �C with low
relative humidity. Figure 5b�d clearly reveals that increasing the
F-GO nanofiller content can effectively enhance the proton
conductivity of the Nafion nanocomposite membranes, as at
120 �C and 30% relative humidity the proton conductivity of 10
wt % F-GO/Nafion was 0.047 S cm�1, an almost 4-fold impro-
vement over 0.012 S cm�1 for the recast Nafion membrane. This
can be explained based on the Grotthuss mechanism,63 where
protons diffuse through the hydrogen bond network of water
molecules. Since F-GOhas an extremely high surface area with an
enormous amount of sulfonated functional groups, it holds more
water and consequently could facilitate the transfer of more
protons. The increase of F-GO nanofiller loading extends
the number of available ion exchange sites per cluster, resulting
in the increment of proton mobility in the membrane at high
temperatures and low humidity values.

Figure 7 displays the polarization and power density curves for
the 10 wt % F-GO/Nafion composite and recast Nafion in a
single-cell H2/O2 MEA system operating at 120 �C and 25%
relative humidity. The peak power density for 10 wt % F-GO/
Nafion was 0.15 W cm�2, approximately 3.6 times higher than
that of recast Nafion (0.042 W cm�2). At a cell voltage of 0.6 V,
10 wt % F-GO/Nafion showed a current density of 0.16 A cm�2,
about 3.5 times higher than recast Nafion (0.046 A cm�2). These
results are in direct agreement with the membrane proton
conductivity analysis, as 10 wt % F-GO/Nafion displayed a sub-
stantial performance increase through MEA testing compared
with recast Nafion under typical PEMFC conditions. Clearly,
F-GO/Nafion nanocomposites offer significant promise as elec-
trolyte membranes for PEMFC applications operating at elevated
temperatures, owing to the beneficial structural and mechanical
properties arising due to F-GO incorporation.

4. CONCLUSION

In summary, a sulfonic acid functionalized graphene oxide
Nafion nanocomposite (F-GO/Nafion) has been presented as a
potential proton exchangemembrane replacement for low humidity

and high temperature PEMFC applications. F-GO/Nafion nano-
composites demonstrated a significant proton conductivity
improvement (4 times) over the unmodified one at a low
humidity value of 30% and high temperature of 120 �C. Under
similar operating conditions, single-cell MEA testing also re-
vealed a significantly higher performance of 10 wt % F-GO/
Nafion membrane than that of the recast Nafion, displaying peak
power densities of 0.15 and 0.042 Wcm�2, respectively. F-GO
incorporation clearly offers substantial PEMFC performance
improvements at elevated temperatures, and further investiga-
tions are underway to optimize these composite membranes and
determine their chemical and mechanical stabilities.
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