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Abstract:  Fuel cells are attractive new technologies for producing sustainable and green energy. However, the high cost of its 

components such as Pt electrocatalyst is a major challenge. Heteroatom doped carbon nano-materials show potential applications 

for oxygen reduction reaction (ORR)  which can be used for fuel cells and may be promising replacement of Pt catalyst. Recently, 

we implemented a facile method for preparing partially nitrogen functionalized graphene oxide (PNG) nano-sheets. To achieve 

better nitrogen functionalization, graphene oxide was annealed in ammonia solution for 12 h at 220oC. The electrochemical 

measurement data show that the PNG synthesized in NH3 environment possesses good electrocatalytic activities for ORR. In 

addition, we identified a physical method for the first time to drive the randomly oriented graphene nano-sheets to be aligned 

parallel to the surface of electrode for electrocatalytic application by using an AC electric field. An additional effect of the applied 

electric field is the induction of a polarization on PNG nano-sheets that create a dielectrophoresis phenomenon. The poling 

effect of the electric field on the sample shows much improved electrocatalytic performance. The enhanced catalysis can be used 

for ORR as an important reaction in fuel cells. The reported new method can achieve a low cost capability for preparing new 

electrocatalyst electrodes for large-scale applications. 

 
1.  Introduction 

         Rapid depletion of fossil fuels increased attention for 

alternative energy sources to meet the growing energy demand. 

Fuel cells can convert sustainable energy carriers (e.g., 

renewable hydrogen or bio-gas) into electrical power and heat. 

Microbial fuel cells (MFCs) are environmentally friendly 

technology which converts chemical energy stored in waste-

waters directly into electrical energy by using microorganisms 

as biocatalysts. However, the overall low power density of the 

MFC and the high cost of components are two major issues for 

its commercialization.  Therefore, environmentally friendly and 

low-cost oxygen reduction reaction (ORR) electrocatalysts 

have been considered for fuel cells including MFCs. Platinum 

(Pt) catalysts have outperformed all other catalysts in areas 

such as activity, stability, and selectivity and have dominated 

the fuel cell applications as the preferred ORR catalysts. 

However, high cost and low availability of Pt catalyst increased 

the overall cost of industrial scale application of fuel cells. 

Therefore, environmentally friendly and low-cost catalysts are 

considered as an attractive alternative to Pt catalyst. 

Considering green chemistry,  graphene has attracted intense 

scientific interest in recent years due to its extraordinary 

properties. [1-3] The fantastic electronic properties of graphene 

are related to its  unusual electron band structure, i.e., a zero 

band gap with nearly linear dispersion bands that touch at the 

Dirac point.[4] In addition, the charge carrier mobility in 

graphene is very high.[5,6] When graphene sheets are placed 

randomly on a substrate, they tend to form irreversible 

agglomerates or restack due to the strong π–π stacking and van 

der Waals interactions, hindering the potentials that could be 

offered by individual graphene sheets. Control over the 
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orientation or arrangement of a nanostructure can provide 

advantages and additional leverage for certain applications. For 

example, oriented one–dimension (1D) nanomaterials, such as 

carbon nanotubes (CNTs), can outperform non-oriented 

counterparts in some applications such as electrocatalyst for 

oxygen reduction reaction (ORR).[7] When an electrical 

potential is applied between a CNT arrays, high local electric 

fields can be produced through nanotubes. Similarly, when the 

orientation of graphene on a substrate is changed from 

randomly oriented to being highly oriented to the substrate 

surface, it can more effectively harvest the intrinsic properties 

of graphene.    

          Up to now, researchers have used different approaches 

for orienting carbon nano-materials to be used as fillers in 

polymer based composites by employing mechanical 

stretching,[8] an electric field,[9,10] or a magnetic field.[11-13] The 

use of an electric field has been reported  to align carbon 

nanotubes,[9,10] carbon nanofibers,[14] carbon black,[15] and 

graphene sheets[16,17] to improve the electrical conductivity and 

mechanical properties of polymer nanocomposites by aligning 

the material in the matrix. Kim et al. developed epoxy 

nanocomposites with graphite having average diameter of 10 

μm and a maximum diameter of 50 μm, aligned along the 

alternating-current (AC) electric field direction.[18,19]  The glass-

fiber and graphite chains arranged in epoxy are parallel to the 

electric field.[19] Chen et al. prepared polyester resin 

nanocomposites with graphite nanosheets oriented by the 

applied AC electric field, and found that the electrical 

conductivity was greatly increased in the alignment direction. 
[20-22] They showed that graphite sheets were oriented with their 

flakes parallel to the electric field.[20] 

          In this work, we prepared partially nitrogen-

functionalized graphene oxide nano sheets named as PNGs 

afterwards. Further, we studied the electrocatalytic properties 

of the PNGs after applying an AC electric field to the sample 

drop-casted on a glassy carbon electrode. The previous studies 

using electric field to align graphene sheets along the electric 

field  in  polymeric composites,[20-22] focused on their thermo-

physical responses[19] or  the optical properties of the field-

induced composite film.[17] Here, we used electric field to align 

graphene nanosheets which are perpendicular to the electric 

field for enhancing electrocatalytic performance of the 

material.    
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Figure 1.  Schematic illustration for the sample preparation procedure. 

(i) The solution of graphene oxide mixed with ammonia solution and then transferred to a quartz tube; 
(ii) The mixture heated at 220oC for 12 h; 
(iii) The collected powder mixed with Nafion solution and ethanol to make a catalyst ink. The ink drop casted onto a GC electrode. Then the 

electrode was inserted between two AC electrodes (the gap between the AC electrode and the surface of electrode sample was 1.5 mm), 
followed by applying AC voltage to PNGs drop casted on GC electrode. 

(iv) After applying AC electric field, the catalyst ink on the GC electrode dried, and the interchangeable electrode was inserted in a RDE 
measurement instrument for ORR measurement  in alkaline solution 
 

 

          To the best of our knowledge, this is  the first report which 

presents  the results of the electric field poling effect on the 

electrocatalytic properties of partially nitrogen functionalized 

graphene oxide sheets (PNGs) using  an external AC electric 

field. Applying the electric field also causes a Columbic 

attraction force between PNGs due to the polarization of 

graphene sheets decorated with charged functional groups. The 

electrostatic attraction forces are recruited to assist in the 

packing of the PNGs layers. Efficient packing created by 

stronger bonding interactions produced a closely packed surface 

of the electrocatalyst electrode to exhibit an improvement in the 

conductivity. The closely packing arrangement of PNGs has not 

been seen in previous reports. 

          We have achieved the improvement in the electrocatalytic 

performance of the sample through the measurements of 

electrochemical properties regarding ORR after applying AC 

electric field. Since ORR plays a vital rule in various 

applications including hydrogen fuel cells, lithium-air batteries, 

gas sensors, our noble-metal-free catalysts have potential 

applications as a promising replacement of the currently used 

precious metal (such as Pt) catalysts. 

 

2. Experimental  

2.1. Material Preparation Procedures 

          50 mg commercial graphene oxide (GO) obtained from 

Sigma Aldrich was added in 5 mL deionised (DI) water and 

sonicated for 60 min to disperse well. Afterwards, 33 mL 
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Ammonia solution (25-28 wt% in water) was added and 

dispersed by conventional stirring. The solution was then 

transferred to a quartz tube to heat for 12 hours at 220 oC inside 

an oven. The synthesized powder of partially nitrogen-

functionalized graphene oxide sheets (PNGs) was collected by 

centrifugation and desiccation at 80oC overnight in a vacuum 

oven to remove the physisorbed NH3. Then the catalyst ink from 

the PNG powder was added on a glassy carbon (GC) electrode. 

Further, the electrode with PNG ink was inserted between two 

AC electric electrodes and an AC electric filed was applied till 

the catalyst ink completely dry. Figure 1 shows the schematic 

procedure for the sample preparations and the experimental 

apparatus used to apply an AC electric field to the electrocatalyst 

ink. The AC electric field was applied using two parallel 

electrodes. An AC voltage was supplied between 0 to 120 V 

using an AC voltage transformer with a constant frequency of 60 

Hz. The gap between the AC electrode and the surface of 

electrode sample was 1.5 mm. After the catalyst ink dried under 

the electric field, the interchangeable working electrode was 

then inserted into the electrode shaft of rotating disk electrode 

(RDE) measurement instrument, followed by measuring the 

electrochemical properties of electrocatalysts for oxygen 

reduction reaction. 

2.2. Characterizations  

          For all samples, scanning electron microscopy (SEM) 

images were taken with (JSM-6610LV, JOEL. Japan, at voltage 

15 kV) equipped with energy-disperse secondary analysis 

system (EDS) (EDAX, USA). The microstructures of the 

samples were characterized by using transmission electron 

microscopy (TEM) at 120 KV (JEM-1400, JEOL, Japan). For 

TEM studies, a drop of sonicated material suspension in ethanol 

was placed on a 3 mm copper grid, followed by drying under 

ambient conditions.  

           Kratos Axis 165 X-ray photoelectron spectrometer 

(XPS)/Auger electron spectroscope were used to measure XPS 

spectra. The samples were studied by the XPS photoelectron 

spectroscopy using Al Kα 1486.6 eV x-ray. High resolution 

spectra of C-1s, N-1s and O-1s regions were also collected on 

the samples.  During data acquisition runs, pass energy of 160 

eV, current at 10 mA and a time of 20 ms per step were used. 

2.3. Electrochemical Measurements.   

          To prepare the catalyst for electrochemical measurements, 

10 milligrams of the synthesized sample was mixed with the 

following solution: 1.25 mL ethanol solution and 50 μl Nafion 

(5 wt%). This solution was sonicated for 1 h to achieve 

homogenous ink. Then a 10 μl drop of the catalyst ink was 

loaded onto the polished surface of the GC disk (d = 5 mm) and 

dried slowly at room temperature to achieve a uniform surface. 

Once the sample was completely dried, we estimated the amount 

of the sample delivered to the surface at ~400 µg/cm2. The 

sample was then used in electrochemical experiments 

immediately after drying. Finally, commercial catalyst 20 wt. % 

Pt/C was used as comparisons and prepared in the same way to 

achieve a similar loading of 400 μg/cm2 of 20 wt% Pt/C (Pt 

loading : 80 μg/cm2). 

          All measurements were carried out at room 

temperature using a potentiostat (A-METEC) with a three-

electrode electrochemical cell. RDE measurements were 

performed on a Pine instrument. We used an 

interchangeable GC disk electrode with a 5 mm diameter as 

the working electrode, a platinum (Pt) wire as the counter 

electrode, and Hg/HgO (in KOH solution) as the reference 

electrode.  Linear sweep voltammetry (LSV) measurements 

were performed in O2-saturated 0.1 M KOH solutions at a 

scan rate of 10 mVs–1. The cyclic voltammetry (CV) 

experiments were conducted typically at a scan rate of 50 

mV s–1. RDE measurements were performed at rotation 

rates of 1600 rpm, with the scan rate of 10 mV s–1. For 

applying an electric field using an AC voltage from 0 V to 120 

V at room temperature, our GC electrode surface was facing AC 

field electrodes with a spacing of 1.5 mm between the 

electrodes.   For the sample exposed to the electric field by using 

for example 80 V, the electric field was 53.3 V/mm. So we name 

the sample as PNGs [53.3 V/mm] afterwards, here the value in 

the brackets refers to the applied electric field strength. 

2.4. Calculation of differential conductance for the samples:  

          We also implemented a computational method to calculate 

the differential conductance (dJ/dV) of the sample from the 

electrochemical measurement data of electric current density, J. 

A third order numerical differentiation method was used as  

follows, [23] 

  

  
 

                  

    
 

Where                      ; 

                   ; 
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In order to understand the number of electrons involved in 

the reaction, Koutecky–Levich plots were used (Figure 10(b) & 

(c)). The corresponding Koutecky–Levich plots (j-1 vs. (rotation 

speed, ω)-1/2) at various electrode potentials show good linearity 

for PNGs [53.3 V/mm]. Linearity and parallelism of both plots 

are considered as typical of first-order reaction kinetics with 

respect to the concentration of dissolved O2 (Figure 10(b)). ORR 

occurs either via a direct 4-electron reduction pathway where O2 

is reduced to H2O, a 2-electron reduction pathway where it is 

reduced to hydrogen peroxide (H2O2), or an indirect 4-electron 

reduction pathway where the generated H2O2 is further reduced 

to H2O. The numbers of electrons transferred at potential from -

0.9 V to -0.3V for PNGs [53.3 V/mm] are shown in Figure 

10(f). Thus, the sample prepared using an AC electric field 53.3 

V/mm showed a better activity for ORR compared to other 

samples, forming around 4 electrons during the ORR. The 

partially reduced O2 can further reacted with H+ and produce two 

water molecules via the 4 electron transfer pathway without any 

activation energy barrier, which is more practical for industrial 

applications. In addition, the pyridinic-type sites on the open 

edges of PNGs [53.3 V/mm] can also contribute to the 

catalytic activity for ORR. Yang et al. [41] recently showed that 

the presence of graphitic N (N-bonded to  three carbon atoms) 

group which has a relatively low energetic barrier for donating 

electrons from the catalyst surface in ORR. The quaternary N 

atoms in graphene-type structure could give electrons to the -

conjugated system and increase nucleophile strength of the 

adjacent carbon rings [C (−)] that improves O2 adsorption.  

The durability of PNGs [53 V/mm] sample as ORR 

catalyst was also evaluated against PNGs [0 V/mm] electrode. 

The tests were performed using chrono-amperometry in 0.1M 

KOH solution saturated with O2 (see Figure 10(e)). The 

corresponding current–time chrono-amperometric response of 

PNGs [53.3 V/mm] exhibited a very slow attenuation with 

only about 13% reduction for ORR region over 8,000 seconds; 

in comparison,  PNGs [0 V/mm] showed about 26% reduction 

in ORR region. The electrochemical properties of these PNGs 

are comparable with nitrogen doped carbon or nanocarbon 

materials reported in the literature.[44-47] 

 

4. Conclusion  

           Partially nitrogen-functionalized graphene nanosheets 

were synthesized by annealing the sample in ammonia solution 

for 12 h at 220oC. This method has enhanced ORR activity in 

PNGs via the implantation of nitrogen active sites. A new 

method for preparing PNG nano-sheets oriented by an electric 

field for electrocatalytic electrode is reported.  The origination of 

graphene sheets via applying AC electric field aligned them 

parallel to the electrode surface. PNGs [53.3 V/mm] sample 

showed the best performance indicating smaller overpotential, 

comparable to Pt/C, among the samples. The enhancement of 

electrochemical performance was a result of the polarization on 

N-functionalized graphene nanosheets, which caused a 

dielectrophoresis phenomenon. It produced a compact 

electrocatalytic electrode which can serve a better conductance 

with a good stability in alkaline electrolytes. The large 

accessible oriented nano sheets with high electrical conductivity 

make this low cost catalyst a superior electrode material for 

various energy storage/conversion device applications. 

Developing highly efficient electrocatalysts to facilitate sluggish 

cathodic oxygen reduction reaction is a key issue for metal-air 

batteries and fuel cells. This new physical approach for 

producing oriented materials for electrochemical applications 

can be used for mass production of electrocatalysts for green 

energy technology applications.  
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