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a b s t r a c t

A novel metal-free electrocatalyst for the oxygen reduction reaction (ORR) is one of the

most important issues in fuel cells. Here, we report a facile method to synthesize reduced

graphene oxide (rGO) decorated with nitrogen-doped carbon nanowires (rGO-CN) as an

electrocatalyst for ORR. After the polymerization of polpyrrole nanowires on the rGO

surface (rGO-PPy), the carbonization of rGO-PPy at 800 �C affords a unique nanostructured

product by the integration of rGO sheets and the N-doped carbon nanowires with high

nitrogen content. The morphology of rGO-CN is confirmed by TEM analysis and the

chemical composition and interaction of the prepared samples are analyzed by XPS and

FT-IR analysis. The electrocatalytic activity of rGO-CN toward ORR is also evaluated by the

cyclic voltammetry. It is found that the rGO-CN electrode shows superior electrocatalytic

performance toward ORR, compared to rGO and rGO-PPy, which demonstrates the prom-

ising potential of rGO-CN as a carbon-based, metal-free electrocatalyst for enhancing the

electrocatalytic property towards ORR.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

Introduction

Fuel cells are considered a potential power source for future

vehicles and stationary applications due to their high effi-

ciency, high power density, and clean energy. The perfor-

mance of fuel cells is largely limited by the sluggish oxygen

reduction reaction (ORR), which substantially depends on the

activity of the cathode catalyst. Platinum (Pt) and its alloys

have long been recognized as the best electrocatalyst for ORR

in fuel cells [1]. However, high cost due to the scarcity of Pt and

its insufficient durability limited the mass production and

commercialization of electrocatalysts. Thus, considerable

effort has been devoted to developing highly stable and cost

effective non-precious metal or metal-free electrocatalysts

with improved catalytic efficiency for ORR [2,3]. Recently,

carbon nanomaterials and their composite materials have

been intensively studied for replacing or reducing Pt based

materials in fuel cell applications [4,5]. Among them,

heteroatom-doped carbon materials for ORR have also been

extensively investigated to reduce the cost and enhance the

durability of fuel cells [4].
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Graphene, a one-atom-thick layer of graphite, packed into

a two-dimensional network of sp2-hybridized carbon, is

distinct from other types of carbon materials due to its

outstanding thermal, mechanical and electrical properties

[6,7]. Since graphene recently served as a worthy support

material for anchoring metal/metal oxide nanoparticles and

functional nanomaterials [8,9], graphene-based functional

composites have been explored as ORR electrocatalysts

because of the feasible synergetic effects with enhanced cat-

alytic activity [10,11]. To date, doped graphene with various

heteroatoms, such as sulfur (S), nitrogen (N), boron (B), and

phosphorous (P), has attracted intense attention due to its

reportedly high catalytic activity, high long-term durability

and tolerance to poisoning as ametal-free ORR electrocatalyst

[12e16]. For example, N-doped graphene, generally consisting

of pyridinic N, pyrrole N and graphitic N atoms, has been

widely studied as an electrocatalyst for fuel cells, due to its

considerable electrochemical activity of ORRwith an excellent

durability [15,17]. However, its electrochemical activity is

strongly affected by N atom content, the limited N content of

2e5% in N-doped graphene still revealed lower catalytic ac-

tivity compared to Pt-based catalysts [18]. To utilize the

outstanding properties of graphene and improve the catalytic

efficiency towards ORR, the efficient nanostructure design of

graphene-based composites with high content of CeN func-

tional groups is of great interest [19e22].

Herein, we report the facile synthesis of graphene deco-

rated with N-doped carbon nanowires as an efficient ORR

electrocatalyst. The proposed method here involves the for-

mation of polypyrrole (PPy) nanowires decorated on reduced

graphene oxide (rGO-PPy) by in situ polymerization of pyrrole

monomer in the presence of rGO. Subsequently, the synthe-

sized rGO-PPy is annealed at 800 �C in an argon atmosphere to

afford the N-doped carbon nanowires decorated on rGO (rGO-

CN) by the carbonization of PPy nanowires. The unique

nanostructure of graphene sheets decorated with conductive

N-doped carbon wires provides high nitrogen content and

high surface area for large amount oxygen access, which im-

proves the electron transfer efficiency and the electrocatalytic

activity.

Experimental

Synthesis of rGO-CN

First, graphene oxide (GO) was prepared by chemical exfolia-

tion of the expanded graphite powder (grade 1721, Asbury

Carbon) through a modified Hummers method by the

microwave-assisted thermal expansion of graphite powder

using the procedure described elsewhere [23]. The obtained

GO powder was dispersed in deionized (DI) water for the GO

aqueous solution with a concentration of 3.0 mg/ml. The GO

solution was then treated with hydrazine hydrate (5 mL) at

40
�
C for 24 h to obtain rGO. After reduction, rGO was filtered

and washed several times with DI water and dried in a vac-

uum oven. The prepared rGOwere redispersed in DMF for rGO

solution with a concentration 0.5 mg/ml.

To synthesize PPy nanowires on rGO (rGO-PPy), in situ

polymerization was performed in the presence of rGO using

pyrrolemonomer (0.01M), ferricp-toluenesulfonate (0.02 M)as

an oxidizing agent and 1% polyvinyl pyrrolidone (PVP) as a

surfactant at room temperature for 5 h. Then, the resultant

composites were washed with ethanol and DI water several

times and dried at 60
�
C in a vacuum oven. The dried rGO-PPy

sample was annealed at 800
�
C under argon atmosphere for

1 h, resulting in rGO-CNby the carbonization of PPynanowires.

Characterizations

Themorphologyof thesampleswas characterizedusingafield-

emission scanning electron microscope (FE-SEM, JEOL, JSM-

6500F) and a high resolution transmission electron micro-

scope (HR-TEM, Hitachi, H-8100). X-ray diffraction (XRD) anal-

ysiswasperformedonaRigakuX-raydiffractometerwithCuKa

radiation. The chemical compositions of the prepared samples

wereanalyzedusinganX-rayphotoelectronspectrometer (XPS,

Thermo scientific) with monochromatic Al Ka radiation with

hv ¼ 1486.6 eV. Fourier transform infrared (FT-IR) spectra were

obtained using a Nicolet IR 200 FT-IR spectrometer (Thermo

Scientific). Raman spectra (DXR Raman spectrophotometer,

ThermoScientific)were obtainedusing532nmlaser excitation.

Electrochemical measurements

Electrochemical measurements of the prepared samples were

performed on a multi-channel potentiostat-galvanostat

analyzer (VSP, Bio-logic) with a three-electrode system at room

temperature, inwhichPtwirewasusedas counterelectrodeand

saturated calomel electrode (SCE) as reference electrode. As the

working electrode, the electroactive materials in ethanol (1 mg/

ml) and Nafion in isopropyl alcohol solution (0.5 wt%) as binder

weremixed by sonication. Then, 5 ml of thismixture was coated

on a glassy-carbon rotating disk electrode (RDE) and dried in air

for the electrochemical characterizations. The electrochemical

measurementsusing themodified glassy-carbonelectrodewere

carried out in the O2-purged 0.1 M KOH electrolyte solution at

room temperature. The number of electrons transferred per

oxygen molecule in the ORR process was determined by the

KouteckyeLevich (KeL) equation given below:

1
j
¼ 1

jk
þ 1

Bu0:5

where jk is the kinetic current density and u is the angular

velocity of the electrode. B could be determined from the slope

of the KeL plots based on the following Levich equation:

B ¼ 0:2 nF
�
DO2

�2
3v�1

6CO2

where n is the number of electrons transferred per oxygen

molecule, F is the Faraday constant (96485C mol�1), DO2
is the

diffusion coefficient of O2 in 0.1MKOH (1.9� 10�5 cm2 s�1), v is

the kinetic viscosity (1.0 � 10�2 cm2 s�1) and CO2
is the bulk

concentration of O2 in 0.1 M KOH (1.2 � 10�6 mol cm�3) [24,25].

Results and discussion

A schematic illustration of the fabrication process of the rGO-

CN is shown in Fig. 1. In a typical procedure, after rGO was
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