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ABSTRACT

A novel method to prepare poly (ethylene oxide)/graphene oxide (PEO/GO) composite membrane aimed
for the low temperature polymer electrolyte membrane fuel cells without any chemical modification is
presented in this work. The membrane thickness is 80 wm with a GO content of 0.5 wt%. And SEM images
show the PEO/GO membrane is condensed composite material without structure defects. Small angle
XRD results for the membrane samples show that the d-spacing reflection (00 1) of GO in PEO matrix is
shifted from 20=11° to 4.5° as the PEO molecules intercalated into the GO layers during the membrane
preparation process. FTIR tests show the typical ~-COOH vibration near 1700 cm~!. Tensile tests show
the resultant PEO/GO membrane tensile strength of 52.22 MPa and Young’s modulus 3.21 GPa, and the
fractured elongation was about 5%. The ionic conductivity of this PEO/GO membrane increases from 0.086
to 0.134Scm~! when the operation temperature increases from 25 to 60 °C with 100% relative humidity.
And further tests show the DC electronic resistance of this membrane is higher than 20 MQ2 at room
temperature with 100% relative humidity. Polarization curves in a single cell with this membrane give a
maximum power density of 53 mW cm~2 at the operation temperature around 60 °C, without optimizing

the catalyst layer composition.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

During the last decade, polymer electrolyte membrane fuel
cells (PEMFC) have attracted increasing attention, as the promis-
ing energy conversion devices with benefits of high power density
and low green house gas emission [1-4]. Fuel cell technology
is a leading sustainable alternative to conventional energy gen-
eration methods, which could operate with better efficiency.
Among several types of fuel cells, great progress has been made
with low temperature PEMFC, which has many attractive fea-
tures such as quick start-up and high efficiency, which make
them attractive for various applications in clean energy technology
[2-6].

However, the widespread commercialization for transportation
and stationary applications of the PEMFC has been hindered by
several challenges, including the high cost of perfluorinated poly-
mer electrolyte membranes (PEM), such as Nafion, which are the
leading materials in the field with good chemical resistance and
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high conductivity [7-9]. Therefore, new molecular designs for PEMs
have focused on creating alternative membrane materials to the
poly (perfluorosulfonic acid) related membranes or acid doped
polymers. Much emphasis has been placed on designing new mem-
branes with high conductivity and low cost [10-14]. Up to now,
however, only a few membranes have exhibited promising con-
ductivity.

Graphite oxide (GO), formerly called graphitic oxide or graphitic
acid, is a compound of carbon, oxygen, and hydrogen in variable
ratios. The structure and properties of graphite oxide depend on
the particular synthesis method and degree of oxidation [15-19]
and how it typically preserves the layer structure of the par-
ent graphite, although the layers are buckled and the interlayer
spacing is much larger than that of graphite [16,18]. The car-
boxylic acid groups on the GO sheets are so active that a wide
range of reactions at the carboxylic acid groups has been devel-
oped over the course of small molecule organic chemistry. For
example, amines or hydroxyls were reported to attach covalently
with the -COOH groups via the formation of amides or esters
[16-18]. Hydrophilic graphene oxide disperses readily in most
polar solvents such as water, breaking up into macroscopic flakes,
which are mostly one layer thick. Furthermore, pure GO itself is
an electronic insulator with differential conductivity between 1
and 5x10-3Scm~! at a bias voltage of 10V [16-18]. On other
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hand, poly(ethylene oxide) (PEO) is a widely used film-forming
polymer with high tensile strength and flexibility [19]. PEO can
assist the development of GO based polymers composites for
ion conductive membranes, and has facilitated materials design
from an electrochemical viewpoint. As acid, the —-COOH groups
on the GO are partially existing in the format of -COO~ and H*
at room temperature, which can provide abundant protons in the
PEO/GO composite membrane, leading to ionic/protonic conduc-
tivity.

In this work, we prepared a PEO/GO membrane to study the
membrane proton conductivity and fuel cell performance, which
to our knowledge has not been reported previously. The initial
results show the PEO/GO membrane has relatively high conductiv-
ity at low temperatures 20-60 °C, which is better than conventional
PEMs. This feasibility study may provide an alternative approach
for novel, low temperature membrane material development for
PEMEC.

2. Experimental
2.1. Chemicals and reagents

Expandable graphite powder was supplied by Shandong Qing-
dao graphite company (China) with average size of 50 pm (Grade:
EXP LMFD EGB 99.9SC and EX CX-325 HMy). Concentrated sul-
phuric acid, potassium permanganate, hydrochloric acid, hydrogen
peroxide, iso-propanol and poly-ethylene oxide (PEO), with aver-
age molar mass (Myy) of 85,000-124,000 Da were purchased from
Sigma-Aldrich. Microscope glass slides (76 mm x 26 mm) were
obtained from Fisher Scientific (UK). All other chemicals were
used as received and the water used in this work was distilled
water.

2.2. Preparation of graphene oxide

Graphene oxide was prepared according to the procedure in
Ref. [18] using the sulphuric acid and potassium permanganate.
Briefly, 60 cm? (ml) of concentrated sulphuric acid was cooled to
5°C and then 10g of graphite powder was added slowly into the
cold sulphuric acid with constant stirring. Once the graphite was
completely mixed, 20g of potassium permanganate was added
slowly to the solution. Then the mixture was stirred for another
5-10min in an ice bath. The mixture was then heated to 35-40°C.
This resulted in the formation of a thick black paste. 150 ml of
distilled water was then added drop-wise to the overall mixture.
This mixture was then further diluted with a mixture of 500 ml
distilled water and 20ml of hydrogen peroxide (5%). The mix-
ture was then left overnight which was followed by washing with
HCI several times and then centrifuged at 4000 rpm to remove
the upper solution. This was then followed by washing with the
distilled water several times to obtain the graphene oxide solu-
tion.

2.3. PEO/GO membrane preparation

5 g PEO was first completely dissolved in 10 ml distilled water in
a round-bottom flask and then one portion (2 ml) of the grapheme
oxide solution (containing 1 g of graphene oxide) was added into
the flask under stirring for 2h to obtain the resultant PEO/GO
solution (0.5% by wt). And then the PEO/GO solution was poured
onto the prepared glass slides mould (10 mm x 10 mm) which was
kept at room temperature for 48 h untill the membrane was solid.
The membrane was peeled from the mould and dried for 12h at
room temperature before undergoing characterisation and use in

fuel cell tests. PEO blank membranes were prepared under the
same conditions.

2.4. Conductivity measurement

Membrane conductivity was measured using a four-point probe
and Frequency Response Analyser (Voltech TF2000, UK). The mem-
branes were cut into 10mm x 50 mm and placed across four
platinum foils with equal spacing of 0.5cm. AC impedance mea-
surements were carried out at scanning frequencies from 1 to
20 kHz. The polymer membranes were held at the desired temper-
ature and humidity for 0.5 h, to ensure steady state was achieved,
and measurements were taken at 1 min intervals.

2.5. Membrane electrode assemblies

Membrane electrode assemblies (MEA) were prepared accord-
ing to the reference [1] with modifications. Briefly, catalyst inks, for
anode and cathode, were prepared by blending carbon-supported
catalysts (50wt% Pt/C, AlfaAesar) and polytetrafluoro-ethylene
(PTFE, 60 wt% Aldrich) in a water-ethanol mixture under ultrasonic
vibration for 10min. The inks were sprayed onto a carbon-
supporting layer covered with a gas diffusion layer (Freudenberg
Inc.) at 100°C, and then the electrodes were hold at 150°C for 2 h.
The Pt loading was calculated to be 0.7 mgcm~—2 on both cathode
and anode. Membrane electrode assemblies were made by pressing
the anode and cathode onto the membrane at room temperature
0.1tcm™2 pressure for 5 min.

2.6. Fuel cell tests

The MEA was set between two high-density graphite blocks
impregnated with phenolic resin, and the active electrode area
(1.cm?) 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 imbed-
ded thermocouples and controlled with a temperature controller.
Gold-plated steel bolts were screwed into the blocks to allow elec-
trical contact. O, and H, were fed to the cell at flow rates of 20 and
40 mlmin—!, respectively without back pressure.

2.7. Characteristic

The GO was tested by FR-IR with PerkinElmer Universal STR
Sampling PerkinElmer Spectrum 100 Series and the samples were
directly loaded onto the plate. All XRD of the samples were deter-
mined by powder X-ray diffraction (XRD) analyses with Hilton
brooks modified Philips X-ray diffractometer (Cu Ko, A =1.5418 A)
and generated at 30 kV, 30 mA. Scattering angles ranged from 1° to
60°.

3. Results and discussion

Graphene oxide (GO), which is generated from the oxidation
of graphite, contains a range of reactive groups such as carboxyl
and oxygen, and these groups make it a good candidate for use in
the various applications including polymer composites materials.
Hence GO has attracted intensive study for decades [16-18]. Aside
from the study of the oxidative mechanisms using different oxi-
dants, the precise chemical structure of GO has been the subject
of debate for a long time. Although the detailed structure is still
not completely clear, due to its amorphous character, a number of
reactions involving carboxylic acids have been developed in organic
chemistry, and many of these reactions can be applied to graphene
oxide such as the formation of amides or esters. The typical struc-
ture model widely accepted for GO is shown in Fig. 1(a). Sulphuric
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Fig. 1. Graphene oxide (GO) structure (a) and the illustration of PEO/GO membrane (b).

acid and potassium permanganate oxidised expandable Graphene
was used in this study. Expandable graphite has been reported to
easily introduce more functional groups into its galleries than nat-
ural graphite by treatment with sulphuric acid and these groups
have been experimentally observed, including carbonyl (=CO),
hydroxyl (-OH), carboxyl (-COOH), phenol groups, and oxygen
epoxide groups (bridging oxygen atoms) [16-18] attached to both
sides of the sheet. GO and hydrophilic polymers are highly com-
patible for the formation of composite membranes, in which the
H* will be released from the ~COOH groups on the sheets of GO in
the polymer matrix when humidified and the resultant membrane
might be useful for application in PEMFC. Fig. 1(b) illustrates the
proposed GO membrane for the proton-exchange fuel cells when
poly (ethylene oxide) (PEO) is used as the polymer matrix.

The photo of the prepared PEO/GO membrane is shown in
Fig. 2(a). Poly (ethylene oxide) (PEO) is a widely used hydrophilic
polymer with high tensile strength and flexibility. Importantly, for
our work, it also exhibits ion-transport behaviour when ionic salts
are dissolved in it [19]. SEM images showed that the membrane
is the condensed composite materials without defects such as air
bubbles or pores (Fig. 2(b) and (¢)). The as-prepared membrane was
around 80 wm in thickness and the GO in the PEO polymer matrix
was the source of H" ions imparting the ion conductivity.

The membrane was tested by the XRD first to look into the
GO layers in the PEO matrix. And the results are shown in Fig. 3.
From the results we can see that the typical expandable graphene
diffraction peak (001) at about 20=27°, corresponding to the
(001) plane reflection, can be observed from the spectrum of
graphene (Fig. 3(a)); while in the spectra of GO, the diffraction peak

for the corresponding (00 1) reflection was at 26=11° (Fig. 3(b)),
which means that the layer distance was much higher than that
of graphite. And it can be concluded that the expandable graphene
was successfully oxidized. Further more, by comparing the XRD
spectra of PEO membrane (Fig. 3(c)) and PEO/GO membrane
(Fig. 3(d)) which were prepared under the same conditions, we can
see that the reflection peak near 20=19.75° is contributed by the
PEO matrix itself. The (00 1) reflection of GO in the PEO membrane
was shifted from 260=11° to 260=4.5° (Fig. 3(d)), which indicates
that the PEO molecules intercalated into the layers of the GO, which
further expend the gallery spaces of the GO. And also, this interca-
lation indicates that these two materials can be well mixed during
the membrane preparation process and they are highly compatible.

FTIR studies were applied to confirm the functional groups in
the PEO/GO membrane and the results are showed in Fig. 4. The
FTIR spectrum of GO in Fig. 4(b) shows the presence of differ-
ent type of oxygen functionalities in graphene oxide at 3300 cm™!
(O-H stretching vibrations), at 1700cm~! (stretching vibrations
from C=0 or COOH) [20-22], while no significant peak was found
in graphite (Fig. 4(a)). And the FTIR spectrum of PEO/GO membrane
includes all the GO vibrations which indicate the presence of proton
releasing groups in the membrane (Fig. 4(c)). These results depict
OH and other functionalities, such as COOH groups, in the resultant
PEO/GO membrane.

Tensile tests were carried out on both the PEO/GO membrane
and PEO membrane that made under the same conditions to deter-
mine the mechanical properties and the results are shown in Fig. 5.
The stress-strain curve for the PEO/GO membrane shows the ten-
sile strength was 52.22 MPa and Young’s modulus was 3.21 GPa,
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Fig. 2. Image of PEO/GO membrane with 0.5 wt% GO (a) and the SEM of the surface
(b) and cross-section (c) morphology.

and the fractured elongation was about 5%. For the PEO mem-
brane, the tensile tress was 37.78 MPa, and the Young’s Modulus
was 0.31 GPa, and the fractured elongation was more than 40%. The
elongation of the PEO/GO membrane decreases which means the
membrane becomes soft. These results indicate that the PEO/GO
membrane is more stiff and brittle than the starter PEO polymer.
The tensile strength and the Young’s modulus both increase. This
may be caused by the GO sheets which can greatly improve the
modulus in the polymer nanocomposite material [23].

Fig. 6 shows the ion conductivity of the PEO/GO membrane
at temperatures from 25 to 60°C, at a relative humidity of 100%.
The ion conductivity increased from 0.086Scm~! at 25°C to
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Fig. 3. Powder XRD spectra of graphene (a), graphene oxide (b), PEO (c) and PEO/GO
membrane (d).

0.134Scm~! at 60°C. Although the ion conductivity continued to
increase at temperatures above 60 °C, the membrane became soft
during the test. Hence, with the current membrane, the optimum
operating temperature will be around 60°C for application in a
PEMEFC. Although a higher temperature resulted in higher conduc-
tivity, and reduced the membrane tensile strength and mechanical
property, other composites of PEO and GO may still be function-
able at higher temperatures. The proton in the polymer matrix is
the key for protonic conductivity, which is therefore dependant on
the H* released from the COOH groups. These results indicate that
temperature plays an important role for the water, PEO polymer
and GO interaction process.

As ionic resistance was measured with high frequency ac
impedance method, DC method was also applied to measure the
electronic resistance of this PEO/GO membrane. The results showed
that it was greater than 20 M2 at room temperature 100% RH. The
conductivity also support the formation of GO which has a reported
electrical conductivity lower than 1 x 10~2Scm~! (107 fold lower
when compared to graphite) [16-18].

The PEO/GO membrane was used to make an MEA for hydro-
gen fuel cell applications, and also for the reference, a standard
membrane Nafion-117 was tested under the same conditions. The
polarization and power density data obtained at room tempera-
tures are shown in Fig. 7. From the results we can see that the
open circuit potentials for the fuel cell were relatively high, around
950 mV, at room temperature. The peak power densities were only
15mW cm~2 for the PEO/GO membrane, while for the Nafion-117,
it cold reach to 60 mW cm~2 at 16°C without ionomer in the MEA.
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When the operation temperature was increased to 30 and 60 °C
with RH 100%, the power density increased from 21 to 53 mW cm—2
(Fig. 8), nearly 2.5 times than achieved at 30°C, and the limiting
current increased from 90 to 180 mA. At 60 °C the open circuit volt-
age fell significantly to 760 mV, which is indicative of greater gas
crossover, presumably associated with softening of the membrane.
The loss of voltage seen in the polarization curves cannot be mainly
attributed to the IR loss in the membrane, as this at 100 mA cm~2,
is estimated at 9mV (at 30°C), and will be due to kinetic and
Ohmic voltage losses in the catalyst layers. Without optimizing the
composition of catalyst layers, these power density results may be
attributed to high catalyst/membrane interfacial resistance. How-
ever, such performance still confirms the feasibility of applying the
PEO/GO composite membranes in fuel cells.
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Fig. 5. Stress-strain curves of the PEO/GO and PEO.
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4. Conclusions

PEO and GO are both hydrophilic and are highly compatible to
form ionic conducting composite membranes for fuel cell appli-
cations. Proton exchange membranes can be prepared without
polymer modifications. The key for this membrane’s ion conduc-
tivity is the proton released from the COOH groups on the GO
sheets in the PEO polymer matrix. Humidity is necessary for ionic
transport in the membrane as water absorbed into the polymer
acts as the medium for the releasing protons. The ionic conductiv-
ity is also dependent on the temperature which when increased
may improve the release of proton from the COOH groups. But
higher temperatures, above 60°C cause deterioration in the mem-
brane mechanical property. The PEO/GO composite membrane had
aproton conductivity of0.09Scm~1,at60°C,and gave a power den-
sity of 53 mW cm~2 in hydrogen PEMFC. More improvements such
as better mechanical properties and crossover should be further
investigated to enable higher temperature use and catalyst layer
formulation should be further studied in subsequent development
for fuel cell applications.
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