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A flow directed assembly of graphite oxide solution was used in the formation of free-standing graphene oxide paper of approx-
imate thickness of 100 μm. The GO papers were characterised by XRD and SEM. Electrochemical characterization of the GO
paper membrane electrode assembly revealed proton conductivities of 4.1 × 10−2 S cm−1 to 8.2 × 10−2 S cm−1 at temperatures of
25–90◦C. A direct methanol fuel cell, at 60◦C, gave a peak power density of 8 mW cm−2 at a current density of 35 mA cm−2.

1. Introduction

Polymer electrolyte fuel cells (PEMFCs) have been projected
as promising power sources for many potential applications
[1]. The present PEMFCs research is based on polymer
electrolyte membranes which provide appropriate fuel cell
performance in terms of conductivity, chemical, mechanical
stability, durability, and fuel crossover [2, 3]. Perfluorinated
sulphonic acids (PFSA-)- based membranes are widely used
as these membranes show good conductivities in the range of
0.01 to 0.1 S cm−1 in a humid environment. However unsat-
isfactory durability and reliability of these membranes hin-
ders the successful commercialization of fuel cells. To im-
prove the performance of polymer electrolyte fuel cells and
replace the cell components like membranes, different ap-
proaches have been employed: (1) development of Nafion-
based composite membranes to increase the conductivity,
mechanical strength, and chemical stability [4]: (2) direct
use of functionalized materials like fullerene for polymer
electrolyte fuel cells and PVDF mixed fullerene for direct me-
thanol fuel cells [5, 6].

The preparation and characterization of graphene oxide
paper was reported by Ruoff et al. [7], and they believed that
these materials can be adopted for applications including
molecular storage, ion conductors and super capacitors.

The mechanism of proton conductivity in solids, is based on
two methods; one is the vehicular model, where formation
of an ion adduct with carrier molecule occurs—if it is water
then protons form hydronium ions. In a non-vehicular
model hopping of protons occurs from site to site without
carrier molecules. The activation energy of proton conduc-
tion depends on the distance between the hopping sites; if the
distance is short, for example 0.24–0.25 nm, in case of two
oxygen atoms, then proton conduction is free from kinetic
activation [8, 9].

Hydration of GO incorporates the water molecule be-
tween GO sheets which presumably form hydrogen bonds
[7]. Scanning tunnelling microscopy shows oxygen atoms on
GO are arranged in a rectangular pattern with a lattice con-
stant of 0.27 nm × 0.41 nm [10]. Based on this information,
GO presumably shows both types of conduction mechanism;
with hopping of protons via oxygen atoms present on basal
planes and edges, and with a vehicular mechanism, where,
due to the presence water molecule between layers, protons
might form hydronium ions. On the contrary, carbon based
materials like fullerenol C60(OH)n have reported conductivi-
ties of 7 × 10−6 S cm−1 with no significant proton conduc-
tivity for fuel cell application. Therefore GO is potentially
interesting for use as polymer electrolytes in PEMFCs [11]. In
the present paper, we report the characterization and use of
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a free standing GO paper membrane as a polymer electrolyte
membrane for PEMFCs using methanol.

2. Experimental Section

2.1. Synthesis of Graphite Oxide and Graphene Oxide Paper.
Graphite oxide was synthesized from natural flake graphite
by the modified Hummers method [12]. In brief, 200 mg of
Graphite particles were immersed in concentrated sulfuric
acid (46 mL), and KMnO4 (6 g) was added slowly in small
quantities in which temperature was maintained between the
0 and 5◦C using an ice bath, After the complete oxidation
of KMnO4, the mixture was heated to 37◦C and kept at this
temperature about 30 min. Then 12 mL of distilled water is
added slowly to this mixture then temperature of mixture is
raised to 95◦C, and it is maintained for about 15 min. This
mixture was further diluted with 280 mL of water, and later
20 mL of 30% H2O2 was added and left for 5 min, then solid
was filtered off and washed with 5% HCl until filtrate was free
from sulphate ions. GO thus obtained was further washed
thoroughly with water and dried in air for 24 hours.

Colloidal solutions of graphite oxide was prepared in wa-
ter at a concentration of 2 mg cm−3(mg/mL) using an ultra-
sonic water bath. Free-standing graphene oxide paper was
made by filtration of the resulting colloid through a mem-
brane filter (cellulose acetate membrane filter of 47 mm in
diameter, 0.2 μm pore size) followed by air drying and peel-
ing off from the filter.

2.2. Membrane Electrode Assembly and Fuel Cell Fabrica-
tion. To prepare the fuel cell membrane electrode assem-
blies, as-prepared free-standing GO paper (without any
binder) was sandwiched between a Pt-Ru/C (20% Pt, 10%
Ru) of 1 mg cm−2 anode and a Pt/C (20%) of 1 mg cm−2

(from Johnson Mathey Corp.) cathode. The catalyst ink was
made by ultrasonicating with 2-propanol and 15% Nafion
ionomer, and the ink was sprayed onto Toray carbon paper.
The MEA was hot pressed at 135◦C and a pressure of
60 kg cm−2 for 3 minutes and used for fuel cell polarization
and proton conductivity studies. The MEA was set between
two high-density graphite blocks impregnated with phenolic
resin, and the active electrode area (1 cm2) was formed by
the parallel gas flow channels area. Electric cartridge heaters
were mounted at the rear of the graphite blocks to maintain
the desired temperature, which was monitored by imbedded
thermocouples and controlled with a temperature controller.
Gold-plated steel bolts were screwed into the blocks to allow
electrical contact. Fuel cell polarizations were carried out by
using ACM instruments.

2.3. Fuel Crossover. Methanol permeability was measured
using a liquid diffusion cell composed of two compartments.
One compartment (A) was filled with a 10 M methanol/water
solution, and the other compartment (B) was filled with de-
ionised water. The membrane (4.9 cm2) was placed between
the two compartment, and both the solutions were stirred
continuously during experiments. The methanol concentra-
tions were obtained by measuring the refractive index for

0.1 mL sample from each compartment at fixed time inter-
vals. The methanol permeability (P) was calculated by the
following equation:

P
(
cm2 s−1) = k ×VB × L

A
×CA, (1)

where k is the slope of the straight line plot of methanol con-
centration in solution B versus permeation time (mol s−1);
VB is the volume of solution B (mL); CA is the concentration
of methanol in the A cell (mol L−1); A is the membrane area
(cm2); L is the membrane thickness (cm).

Oxygen crossover of GO paper was measured by using
bubble gauge method [13]. A mass flow meter (5 to
90 cm−3 min−1) was used to measure the crossover flow
before and after fuel cell polarization. A gas phase pressure
was imposed on cathode to increase the crossover flow. The
inlet on the nonpressurised side was closed and a flow meter
on the nonpressurised side is used to measure the outgoing
flow rate.

2.4. Instruments. X-ray diffraction experiment was per-
formed using a Rigaku diffractometer (CuKα radiation, X-
ray wavelength λ = 1.5406 Å, operating at 40 keV). Fourier
transform infrared spectroscopy (FTIR) was measured on
Varian 800 FT-IR spectrometer system with wave number
between 4000 and 500 cm−1. Scanning electron microscopy
(SEM) was made using a HITACHI S-4700 (Japan) machine.
Methanol permeability of the membrane was measured by
using refractive index detector (Refracto 30P (Japan)).

AC impedance measurements were performed to mea-
sure the proton conductivity using a ZAHNER Elektrik
impedance measurement unit over a frequency range of
100 KHz–100 mHz. The impedance cell was operated at
100% RH at ambient pressure and with a variable temper-
ature. The thermal stability of the graphene oxide paper was
measured by thermo-gravimetric analysis using a STA409PC
machine (NETZSCH-Gerätebau GmbH Germany) over a
temperature range of 25–650◦C with a scan rate of 5◦C min−1

under nitrogen flow (50 mL min−1). Fuel cell polarizations
were measured by using Ministat potentiastat (sycopel scien-
tific Ltd.)

3. Results and Discussion

Figures 1(a) and 1(b) show the XRD spectra of graphite
oxide and graphite powder. The peak observed at 26.45◦ in
the graphite sample corresponds to the interplanar distance
between the different graphene layers. Chemical oxidation of
graphite disturbs ordering of layer and introduces a variety of
functional groups (epoxide, carboxyl, etc.) as the C–C bonds
are broken during the oxidation process [14]. The functional
groups increase the interplanar distance between the sheets.
This larger distance between graphene oxide sheets shifts the
XRD peak to smaller angles, thus the appearance of broader
peak at around 11.26◦.

FTIR studies confirmed the successful oxidation of graph-
ite to graphite oxide, as shown in Figure 2. The presence
of different types of oxygen functionalities in GO at
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Figure 1: X-ray spectrum of graphite oxide (a), graphite powder (b).
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Figure 2: FTIR spectra of graphite and graphite oxide.

1800–2200 cm−1 (O–H stretching vibrations) and at 1400–
1600 cm−1 (stretching vibrations from C=O), while no sig-
nificant peak was found in graphite. These results depict
OH and other functionalities, such as COOH groups, in the
resultant GO, which also confirmed the successful oxidation
of graphite.

The fracture edges of GO paper was imaged via scanning
electron microscopy shown in Figure 3(a), which revealed
the stacking of less densely packed thin wavy layers through
the cross section with a thickness of layers of approximately
100–200 nm thick. Cross section of MEA made with GO
paper is shown in Figure 3(b), where a notable morphology
change can be observed. Higher magnification (15000xs) of
cross section of GO paper in MEA shows a complete deteri-
oration of layer structure due to disintegration of GO paper,
shown in Figure 3(c). Moreover, a significant disintegration
of the GO paper results in detachment of catalytic layer

which can be seen in cross section of MEA (Figure 3(b)).
Surface morphology of GO paper removed from the MEA
(Figure 4(b)) shows increased roughness, while the fresh one
shows smooth surface (Figure 4(a)).

Mechanism for the formation of GO paper was reported
by Ruoff et al. [7], (Nature 448 (2007) 457) by vacuum
filtration. During this stage, the sheets are more likely to
be aligned on top of each other in the ever-growing deposit
and are probably also smoothed out by the water flow. After
drying, if water is poured on top of the GO paper, the paper
swells sufficiently to allow the water to seep through, and
then returns back to the dry state. A piece of graphite oxide
paper left in water for several hours does not disperse and
maintains its shape, but disintegrates easily if it is handled
while still wet. If a wetted graphite oxide paper is left to dry, it
will regain its mechanical integrity and can again be handled
without failure. This mechanism clearly states that binder
less GO paper under liquid fuel conditions mechanically
disintegrates and also due to pressurised fuel gases disrupts
the GO paper.

The ionic conductivity was measured by AC impedance
spectroscopy (through plane) from membrane electrode
assembly fabricated with GO paper membrane. The resis-
tance associated with the membrane at zero phase angle was
used to estimate the proton conductivity of the membrane
using the equation, σ = (1/R)(L/A), where R is the bulk
resistance of the membrane, L represents the membrane
thickness, and A the membrane area. The conductivity of
the MEA was 4.1 × 10−2 S cm−1 at 298 k and increased with
temperature at 363 K to 8.2 × 10−2 S cm−1. Figure 5 shows
the plot of 1/T versus log of conductivity which follows an
Arrhenius behavior with activation energy of 0.83 eV. High
proton conductivity of graphite oxide membrane may be
attributed to a Grotthus type mechanism, in which reorga-
nization of hydrogen bonds play a vital role in the presence
of water between each layer. Bridging oxygen atoms in GO
structure as epoxy oxygen, in a rectangular fashion, leads
to vehicular mode of proton transportation. The lower in
activation energy is an evidence for high ionic conductivity,
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Figure 3: SEM images of Graphite oxide paper and MEAs made with GO paper. (a) Cross section of GO paper, (b) cross section of GO
paper within the MEA, (c) cross section of GO paper in the MEA, and (d) picture of GO paper.
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Figure 4: SEM images of surface morphology of Graphite oxide paper. (a) Surface of fresh GO paper. (b) Surface of GO paper removed
from MEA after polarization.
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Figure 5: Temperature-dependent proton conductivity of graphite
oxide membrane.

which is attributed to the arrangement of oxygen atoms
in rectangular fashion with a lattice constant of 0.27 nm ×
0.41 nm [10].

Thermal analysis of GO paper membrane from 25◦C to
650◦C under nitrogen flow is shown in Figure 6; the rapid
expansion of graphite oxide occurred at 149◦C [7]. Mechan-
ical properties of graphene oxide paper strongly depend on
its water content, as the moisture content of graphite oxide
paper decreases with increasing temperature. The significant
mass loss (12 wt%) occurred during sample heating from
25◦C to 149◦C. Above this temperature, there was an almost
constant mass throughout the temperature, range up to
650◦C, which supports the increasing conductivity with in-
creased temperature.

Figure 7 shows the methanol permeability of Nafion 115
and GO paper. The GO paper has much higher methanol
permeability of 18.2 × 10−6 cm2 s−1 than Nafion 115 which
has methanol permeability of 3.36 × 10−6 cm2 s−1. The
measured methanol permeability for Nafion 115 membrane
is in good agreement with the literature [15, 16]. Though,
high proton conductivity and low methanol permeability
are important properties for proton exchange membranes in
DMFCs, GO paper shows good proton conductivity. The GO
paper swells sufficiently to allow the water to seep through
[7], therefore observed methanol permeability of GO is
increased.

Figure 8(a) shows the single cell DMFC polarization data
using a graphite oxide paper membrane. The cell was
equilibrated by feeding a 1.0 M methanol solution to the
anode for 24 hours. The single cell performances of MEAs
based on GO paper and Nafion 115 membranes, measured
at 60◦C under feed flow rates of 3 cc min−1 of methanol
and 400 cc min−1 oxygen at atmospheric pressure. The open-
circuit voltage (OCV) was 0.7 V at 60◦C. This data indicates
that due to the easy hydration of the graphite oxide paper,
methanol crossover was significant, resulting in a mixed
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Figure 6: Thermogravimetric analysis of graphite oxide membrane
over a temperature range of 25 to 650◦C.
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Figure 7: Methanol permeability of Nafion 115 and Graphite oxide
paper.

potential at the cathode which reduced the OCV to the
detriment of the DMFC performance. The DMFC gave a
peak power density of 8 mW cm−2 at a current density of
35 mA cm−2, whereas single cell polarization of standard
membrane Nafion 115 gave power density of 62 mW cm−2

at a current density of 97 mA cm−2 shown in Figure 8(b)
(Nafion 115 has approximate comparable thickness of
120 μm to GO paper 100 μm), which was tested as a reference
under the same experimental conditions.

After 24 hours, equilibration fuel cell polarisations were
performed, up to fifth polarisation, MEA was stable and
results are reproducible. At Sixth polarisation, the OCV
was reduced to 0.550 V and cell performance was dropped
to 3 mW cm−2. Then the OCV drops to 0 V because the
mechanical stresses of the flow fields or sealing edges tear
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Figure 8: (a) Polarization curves of GO paper MEA at scan rate of 5 mV s−1 for direct methanol fuel cell 1 M methanol (flow rate 3 cc min−1)
and oxygen (flow rate 400 cc min−1) at 60◦C. (b) Polarization curves of Nafion 115 MEA at 5 mV s−1 for direct methanol fuel cell 1 M
methanol (flow rate 3 cc min−1) and oxygen (flow rate 400 cc min−1) at 60◦C.

the swelled GO paper (without any binder) and also the
oxygen flow at the cathode mechanically accelerated the dis-
integration of GO paper, resulting in oxygen flow (the
measured oxygen flow was 6 cc min−1, which confirms the
tearing of membrane) to the anode side and increased air
bubbles in methanol outlet. The oxygen crossover of fresh
MEA under dry state was studied, and no significant gas
crossover was observed. Three MEAs were prepared and
tested for reproducibility, and their fuel cell performances are
almost the same for all the MEAs before failure.

The estimated conductivity from the IR region of the
polarization curve is ca 1.4 × 10−2 S cm−1. The difference in
conductivity measured by AC impedance was probably due
to disintegration of graphene oxide sheets, due to prolonged
exposure to water [6]. Overall the fuel cell performance was
poor and in order to overcome this, the graphene oxide
membrane material could be used as a composite in a suita-
ble polymer matrix, such as Nafion or polyvinyl alcohol. Our
future work will prepare the graphite oxide composite mem-
brane with binder to improve the strength and flexibility of
membrane that can reduce the methanol crossover.

4. Conclusions

Fuel cell membranes using graphite oxide have been prepared
and characterized and used in a DMFC. The ionic conduc-
tivity of graphite oxide paper membrane was high and thus
suitable for methanol fuel cells. From the membranes proton
conductivity and activation energy, the transport mechanism
is due to the presence of acidic functional groups and inter-
molecular hydrogen bonding, and also oxygen atoms per-
colate close to each other on a molecular plane making
abundant proton conducting paths. However although the
conductivity was high, the fuel cell performance was poor.
Understanding and utilizing this structure in developing
new composite membranes may provide membranes for the
DMFC that can operate in wide range of temperature.
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