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Abstract. 
A flow directed assembly of graphite oxide solution was used in the formation of free-standing graphene oxide paper of approximate 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 unsatisfactory durability and reliability of these membranes hinders the successful commercialization of fuel cells. To improve the performance of polymer electrolyte fuel cells and replace the cell components like membranes, different approaches 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 methanol 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 conduction 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 between 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 constant 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 conductivities of 7 × 10−6 S cm−1 with no significant proton conductivity 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 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 water at a concentration of 2 mg cm−3 (mg/mL) using an ultrasonic water bath. Free-standing graphene oxide paper was made by filtration of the resulting colloid  through a membrane filter (cellulose acetate membrane filter of 47 mm in diameter, 0.2 μm pore size) followed by air drying and peeling off from the filter.
2.2. Membrane Electrode Assembly and Fuel Cell Fabrication
To prepare the fuel cell membrane electrode assemblies, 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 (
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) was filled with a 10 M methanol/water solution, and the other compartment (B) was filled with deionised water. The membrane (4.9 cm2) was placed between the two compartment, and both the solutions were stirred continuously during experiments. The methanol concentrations were obtained by measuring the refractive index for 0.1 mL sample from each compartment at fixed time intervals. The methanol permeability (
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) was calculated by the following equation: 
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 is the slope of the straight line plot of methanol concentration in solution B versus permeation time (mol s−1); 
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 is the volume of solution B (mL); 
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 is the membrane area (cm2); 
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 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 t