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Mussel-inspired nitrogen-doped graphene
nanosheet supported manganese oxide nanowires
as highly efficient electrocatalysts for oxygen
reduction reaction†

Taemin Lee, Eun Kyung Jeon and Byeong-Su Kim*

Electrocatalysts for oxygen reduction reaction (ORR) play a vital role in determining the performance of fuel

cells and metal–air batteries. Carbon nanomaterials doped with heteroatoms are highly attractive by virtue

of their excellent electrocatalytic activity, high conductivity and large surface area. This study reports the

synthesis of a highly efficient electrocatalyst based on nitrogen-doped (N-doped) graphene nanosheets

(NG) using mussel-inspired dopamine as a nitrogen source. Dopamine undergoes oxidative

polymerization that can functionalize the surface of graphene and also introduces nitrogen atoms onto

the graphene nanosheets upon pyrolysis. N-doping not only leads to improved catalytic activity, but it

also provides anchoring sites for the growth of electroactive amorphous manganese oxide nanowires on

the graphene nanosheets (NG/MnOx). On the basis of a Koutecky–Levich plot, it is found that the hybrid

NG/MnOx catalyst exhibits excellent catalytic activity with a direct four-electron pathway in ORR.

Furthermore, the hybrid electrocatalyst possesses superior stability and gives a low yield of peroxide

compared to commercial Pt/C catalysts. This suggests that the unique combination of an N-doped

graphene support and amorphous MnOx nanowires can synergistically improve the catalytic activity for ORR.
Introduction

Nature has been a constant source of inspiration for the design
of novel materials for a variety of advanced applications.
Inspired by the unusual amino acid 3,4-dihydroxyl-L-phenylal-
anine, dopamine, found in the adhesive pads of mussels, herein
a simple solution-based surface functionalization of dopamine
on the graphene nanosheets is reported. Dopamine serves as a
source of nitrogen-doping (N-doping) and as an anchoring site
for the growth of the manganese oxide (MnOx) nanostructure,
providing highly efficient electrocatalysts for oxygen reduction
reaction (ORR).

Increasing energy demands, coupled with the limited
availability of fossil fuels and their associated environmental
issues, have stimulated intense research on energy storage and
conversion systems.1–4 Although lithium ion batteries are the
leading choice for energy storage today, they cannot suffi-
ciently satisfy long-term storage requirements due to the
inherent limitation of gravimetric energy density to meet
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various energy demands.2,5,6 Alternatively, fuel cells and metal-
air batteries have recently received attention as promising
power sources because of their remarkable theoretical energy
density, and environmental benignity.1,7–11 Despite their
promising features, their use in various elds is still limited
owing to their sluggish kinetics and irreversible electro-
chemical redox reactions. As a consequence, the activity of
electrocatalysts for cathodic ORR plays a vital role in deter-
mining the electrochemical performance of alkaline fuel cells
and metal-air batteries.12–15 In that regard, many noble metal
catalysts, such as Pt and Pt-based alloys, have been widely
employed as ORR catalysts owing to their excellent catalytic
efficiency, relatively low overpotential, and high current
density.12,16–18 Nonetheless, they still suffer from multiple
limiting factors, including intermediate tolerance, anode
crossover, sluggish kinetics, and poor stability together with
their high cost and limited reserves, which have restricted
their use for large-scale applications.19–21 Therefore, the search
for alternative catalysts has led to the recent development of
non-precious metal catalysts and metal-free carbon nano-
materials.13,14,22–26 Among them, MnOx is a particularly attrac-
tive candidate because of its high catalytic activity, high
abundance, high stability, low cost, and minimal environ-
mental issues.27–33 However, there are still obstacles in
utilizing MnOx as an efficient ORR catalyst as it has an
intrinsically low electrical conductivity.34–36
J. Mater. Chem. A, 2014, 2, 6167–6173 | 6167
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Graphene, a monolayer of aromatic carbon lattice, has
recently drawn tremendous interest owing to its extraordinary
electrical, optical, thermal, and mechanical properties.37–39

Taking full advantage of its chemical stability and high
conductivity along with its high specic surface area, graphene
nanosheets and their heteroatom-doped structures offer
promising opportunities for ORR catalysts.40,41 In addition,
graphene nanosheets are excellent substrates for hosting and
growing functional nanomaterials for high-performance elec-
trochemical and electrocatalytic devices.42–50 In general,
N-doped graphenes are commonly prepared by several
methods, including chemical vapor deposition in the presence
of a nitrogen source,51 thermal annealing with ammonia,52

pyrolysis of a nitrogen-containing precursor (such as mela-
mine, polypyrrole, and pyridine),53–56 and nitrogen–plasma
treatments of graphene.57 These approaches facilitate
successful introduction of nitrogen atoms within the graphene
nanosheets, which provide active sites for ORR, resulting in
increased electrocatalytic activity. However, many of these
approaches require toxic gas precursors, or it is difficult to
control the degree of doping and type of nitrogen
functionality.

Herein, a novel design of N-doped graphene nanosheets
(NG) by integration of the robust, mussel-inspired chemical
motif of dopamine is developed (Fig. 1). Dopamine serves as
a source of nitrogen and an anchoring site for the growth of
MnOx nanowires on the surface of graphene nanosheets. It
was found that the N-doping effectively contributed to
enhanced electrocatalytic activity in comparison with its
non-doped counterpart. Furthermore, the integration of
MnOx nanowires onto NG nanosheets via a solution-based
approach afforded hybrid NG/MnOx catalysts that
preserved an even higher electrocatalytic efficiency with a
low yield of peroxide and good durability through an efficient
one-step, four-electron pathway similar to commercial Pt/C
catalysts.
Fig. 1 (a) Chemical structures of dopamine (Dopa) from the adhesive
protein found in mussel pads and its polymerized polydopamine
(pDopa) under alkaline conditions. (b) Schematic representation of the
synthesis of hybrid manganese oxide nanowires supported on
nitrogen-doped graphene nanosheets (NG/MnOx) as highly efficient
electrocatalysts for oxygen reduction reaction.

6168 | J. Mater. Chem. A, 2014, 2, 6167–6173
Experimental
Preparation of graphene oxide (GO) suspension

Graphite oxide was synthesized from graphite powder (Aldrich,
<20 mm) by the modied Hummers method and exfoliated to
give a brown dispersion of graphene oxide (GO) under ultra-
sonication. The GO powder, dissolved in a known volume of
water, was subjected to ultrasonication for 40 min to give a
stable suspension of GO (typical conc. of 0.50 mg mL�1) and
then centrifuged at 4000 rpm for 10 min to remove any aggre-
gates remaining in the suspension.

Preparation of non-doped graphene catalysts

Chemically reduced GO (CRGO) was prepared by reacting 50 mL
of as-prepared GO suspension (conc. 0.50 mgmL�1) with 10 mL of
a 35 wt% hydrazine solution and 70 mL of an ammonia solution.
Then, this mixture was stirred at 95 �C for 1 h to afford CRGO.
Thermally reduced GO (TRGO) was prepared by placing pristine
GO powder into a tube furnace, heating it up to 800 �C at a heating
rate of 10 �Cmin�1 and maintaining for 1 h in an Ar atmosphere.

Preparation of N-doped graphene (NG) catalysts

To prepare the dopamine functionalized graphene nanosheets
(G/pDopa), 20 mL of an aqueous suspension of GO (conc.
0.5 mg mL�1) was mixed with a dopamine suspension (conc.
2 mg mL�1 dispersed in 10 mM Tris buffer, pH 8.5) and stirred
at room temperature overnight. The sample was then collected
using a nylon membrane lter (0.20 mm pore size, Corning,
USA), washed with deionized water several times, and dried by
lyophilization. The resulting G/pDopa powder was annealed in a
quartz-tube furnace at different temperatures from 600 to
1000 �C to achieve pyrolysis of the polydopamine. Aer the
temperature was maintained for 1 h, the furnace was cooled
down to room temperature slowly to recover the NG catalysts.

Preparation of hybrid NG/MnOx catalysts

The as-prepared NG powder was dispersed in DMF at a specic
concentration (conc. 0.50 mg mL�1). The Mn precursor,
NaMnO4, was then added to the NG suspension at various feed
ratios (the ratio of NG to Mn precursor ranged from 0.5 to 10).
The mixture was heated to 85 �C for 1 h, collected by centrifu-
gation followed by washing with solvent several times and dried
in a vacuum oven.

Preparation of catalyst ink for the rotating disk electrode

2.0 mg of the as-prepared catalyst was dispersed in 1.0 mL of the
mixture solvent with Naon (5 wt% dispersed in IPA) in a
specic volume ratio (H2O : DMF : Naon ¼ 8 : 1 : 1). Catalyst
ink was prepared by ultrasonically mixing for 1 h to obtain a
homogeneous suspension. Then, 5 mL of the prepared catalytic
ink was transferred to the surface of the 3 mm diameter glassy
carbon electrode using a micropipette. Finally, the ink was
dried for 10 min under vacuum conditions at room temperature
to form a thin catalyst lm on the glassy carbon electrode as a
working electrode.
This journal is © The Royal Society of Chemistry 2014
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Exploration of the ORR kinetics of catalysts based on the
Koutecky–Levich equation

To explore the ORR and the related kinetics, the Koutecky–
Levich (K–L) equation was used to transform the data obtained
from rotating-disk electrode (RDE) experiments.68,69 The line-
arity of the K–L plots and near parallelism of the tting lines
suggest rst-order reaction kinetics for the concentration of
dissolved oxygen and similar electron transfer numbers for ORR
at different potentials.

1

i
¼ 1

ik
þ 1

idl
¼ 1

ik
þ 1

Bu0:5
(1)

ik ¼ nFAkCO2
(kinetic current) (2)

idl ¼ 0.20nFACO2
DO2

2/3n�1/6u1/2 (diffusion limiting current) (3)

where ik represents the kinetic current, idl is the diffusion
limiting current, n is the number of electrons transferred per O2

molecule, F is the Faraday constant (96485 C mol�1), A is the
geometric area of the disk electrode (7.06 � 10�6 m2), k (m s�1)
is the rate constant for the ORR, CO2

is the saturated concen-
tration of O2 in solution (1.21 mol m�3 in 0.10 M KOH), n is the
kinematic viscosity (1 � 10�6 m2 s�1 in 0.10 M KOH), DO2

is the
diffusion coefficient of O2 in solution (1.87 � 10�9 m2 s�1 in
0.10 M KOH), and u is the angular frequency of the rotation (rad
s�1). From the linear relationship between i�1 and u�0.5 based
on the K–L equation, one can obtain the number of electrons
transferred (n) from the slope and the kinetic current (ik) from
the intercept.

Rotating ring disk electrode (RRDE) experiment

Rotating ring disk electrode (RRDE) (ALS Co., Ltd) experiments
were carried out using the as-prepared catalyst lm (deposited
on a glassy carbon electrode) as the working electrode in a 0.1 M
KOH alkaline electrolyte solution. A Pt wire and SCE were used
as the counter and reference electrodes, respectively. Before the
RRDE test, 0.1 M KOH electrolyte solution was saturated with
pure oxygen gas (99.999%) for 30 min. Electrochemical char-
acterization was conducted using a bi-potentiostat (Bio-Logic).
10 mV of the scan rate was swept from 0 to �0.8 V and a
sufficient ring potential of 0.2 V was biased to oxidize the
intermediate during the ORR. The collection efficiency was
determined to be 0.412 in an Ar atmosphere using 10 mM
K3[Fe(CN)6]. This value is very close to its theoretical value of
0.42. Hydrogen peroxide yields and the number of transferred
electrons were calculated using the following equation:

HO2
�ð%Þ ¼ 200

Ir

N

Id þ Ir

N

n ¼ 4
Id

Id þ Ir

N

This journal is © The Royal Society of Chemistry 2014
where Ir and Id are the ring and disk current (A cm�2) respec-
tively and N is the experimentally determined collection effi-
ciency of 0.412.

Results and discussion

A brown aqueous suspension of graphene oxide (GO) was
prepared by sonication of graphite oxide powder produced via
chemical oxidation of pristine graphite using a modied
Hummers method.58–62 During the oxidation process, a wide
range of oxygen-containing functional groups are introduced,
including hydroxyl and epoxy groups on the basal planes and
carboxylic acid and ketone groups at the edges, which provide
superior stability in aqueousmedia. The colloidal suspension of
GO mainly comprises single-layer graphene nanosheets with a
thickness of approximately 0.70 nm, as measured by atomic
force microscopy (AFM) (Fig. S1 in the ESI†). The as-prepared
GO suspension was mixed with a solution of dopamine
(2 mg mL�1 of 10 mM Tris buffer, pH 8.5) at room temperature
for 12 h to afford the polydopamine coated graphene nanosheet
(G/pDopa). In agreement with the previous report, dopamine
undergoes pH-triggered oxidative polymerization under alka-
line conditions, resulting in simultaneous surface functionali-
zation and reduction of the GO nanosheets.63,64 The resulting G/
pDopa suspension showed a dark black color, reecting the
presence of pDopa and the partially restored conjugated
aromatic structure. From the UV/vis spectra, we observed the
appearance of a new peak at 280 nm, suggesting the charac-
teristic absorption due to the dihydroxyindole from pDopa
(Fig. S2 in the ESI†).65 The NG catalysts were subsequently
prepared by thermal annealing of as-prepared G/pDopa
composites at different temperatures ranging from 600 to
1000 �C for 1 h in an Ar atmosphere. The resulting products
were denoted as NG600, NG800 and NG1000, according to the
reaction temperature. The thermal annealing approach caused
atomic rearrangement leading to a highly ordered graphitic
structure and the simultaneous incorporation of nitrogen
atoms from the pDopa into the graphene matrix.66 Moreover, it
should be noted that the substituted-N atoms not only enhance
the electrocatalytic activity for ORR, but also provide growth
sites for metal oxide nanostructures. Hence, the MnOx nano-
wires were grown on NG catalysts by mixing the manganese
precursor, NaMnO4, in the NG suspension at various feed ratios
(the ratio of NG to Mn precursor ranged from 0.5 to 10) followed
by a mild thermal treatment at 85 �C for 1 h to afford the hybrid
NG/MnOx catalyst.

The successful incorporation and nature of nitrogen-doping
on the graphene nanosheets was identied by X-ray photo-
electron spectroscopy (XPS) (Fig. 2). From the XPS survey
spectra, we found the distinct evolution of nitrogen in G/pDopa
and NG catalysts, which is absent in the initial GO nanosheets.
A slight reduction of the oxygen peak in G/pDopa was also
noticeable in pDopa attributable to the simultaneous surface
functionalization and reduction of GO nanosheets consistent
with the UV/vis measurements. Moreover, the oxidative poly-
merization of dopamine led to successful surface functionali-
zation of GO nanosheets with pDopa at a total N-content of
J. Mater. Chem. A, 2014, 2, 6167–6173 | 6169
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Fig. 2 (a) XPS survey spectra of various catalysts prepared in this study.
(b) Deconvoluted high-resolution N 1s XPS spectra with three different
N-configurations; N-6 (pyridinic-N, 398.1 eV), N-5 (pyrrolic-N,
399.9 eV), and N-Q (graphitic-N, 401.3 eV). (c) Total N content of G/
pDopa, NG nanosheets based on the different pyrolysis temperatures
and NG/MnOx catalysts. (d) Three representative N-doping configu-
rations on the NG nanosheet. NG/MnOx (2 : 1) was used as a repre-
sentative set.

Fig. 3 Representative TEM images of (a) NG800 and (b and c) NG/
MnOx catalysts with the MnOx nanowires formed on the NG800

substrate. (d and e) EDX elemental mapping analysis of the hybrid NG/
MnOx catalyst. Elements analyzed are noted at the corner of panel e.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 0
2 

D
ec

em
be

r 
20

13
. D

ow
nl

oa
de

d 
by

 U
ls

an
 N

at
io

na
l I

ns
tit

ut
e 

of
 S

ci
en

ce
 &

 T
ec

hn
ol

og
y 

(U
N

IS
T

) 
on

 0
2/

05
/2

01
8 

08
:1

8:
43

. 
View Article Online
7.0%. Upon thermal annealing of G/pDopa at various temper-
atures, the N-content decreased slightly to 6.95, 5.09 and 3.90%
for NG600, NG800 and NG1000, respectively (Table S1 in the ESI†).
These results support the evidence of dopamine induced N-
doping on the graphene matrix, and also the possibility of
simple modulation of the N-doping degree by controlling the
pyrolysis temperature as similarly reported for other doping
systems.52,56 The additional peak of Mn 2p/3s in the NG/MnOx

catalyst also indicated the formation of MnOx nanostructures
on the surface of the NG nanosheets.

The deconvoluted high-resolution N 1s XPS spectra further
elucidated characteristic types of the N-doping on the graphene
nanosheets (Fig. 2b–d and Table S2 in the ESI†). Specically,
three distinctive N-congurations were displayed, including
pyridinic-N (N-6, 398.1 eV), pyrrolic-N (N-5, 399.9 eV) and
graphitic-N (N-Q, 401.3 eV). Interestingly, we observed a
predominant pyrrolic-N species due to the dihydroxyindole
structure in pDopa.65 Upon annealing at high temperatures, the
majority of the pyrrolic-N species converted to both pyridinic-N
and graphitic-N species, resulting in the fractions of each
N-conguration changing accordingly (Fig. 2c).

As shown in Fig. 3a, the representative NG800 catalyst
exhibited a typical wrinkled and crumbled two-dimensional
structure of the graphene sheet with lateral dimensions of 0.50–
1.1 mm. This characteristic morphology can be attributed to
defective structures formed upon exfoliation or the presence of
doped nitrogen atoms. Transmission electron microscopy
(TEM) revealed that the MnOx in NG/MnOx retained the
morphology of the nanowire with an average diameter of 4.3 nm
and a length of 30–80 nm on the surface of NG catalysts (Fig. 3b
and c). Given the high density of the MnOx nanowires formed
6170 | J. Mater. Chem. A, 2014, 2, 6167–6173
on the surface of the NG, we can postulate that the N-doping
effectively increased the interaction between the NG and the
manganese precursor. Furthermore, the intimate interaction
between graphene and nanowires allowed good dispersion of
the MnOx nanowires grown on the NG nanosheets, thus
avoiding potential aggregation of nanowires during the elec-
trocatalytic cycles. The EDX elemental mapping analysis
demonstrated the presence of NG nanosheets by their distinc-
tive elements such as C, O, and N as well as the presence of
MnOx nanowires by Mn and O elements (Fig. 3d and e). The
crystalline phase of MnOx nanowires was not further revealed by
the selected area electron diffraction (SAED) pattern in the HR-
TEM images, suggesting the amorphous nature of MnOx

nanowires formed on the NG nanosheets under mild reaction
conditions. It has been suggested that the ORR activity of MnOx

largely depends on its crystalline structure and oxidation state;
for example, Cho and co-workers reported that the higher
density of surface defects in amorphous MnOx supported on
Ketjenblack carbon exhibited higher ORR activity by offering
more active sites. Additionally, it allowed more binding
congurations during the interaction of oxygen with the
d-orbital of a metal ion for an effective ORR.67

To explore the electrocatalytic activity during the ORR
process of NG and NG/MnOx catalysts, we obtained the rotating
disk electrode (RDE) voltammograms in O2-saturated 0.10 M
KOH aqueous solution. As control experiments, non-doped
graphene catalysts such as pristine GO, chemically reduced GO
(CRGO) and thermally reduced GO (TRGO) were employed to
verify the effect of N-doping for efficient ORR. Fig. 4 indicates a
series of polarization curves at a constant rotating rate of 1600
rpm and quantitative evaluation in terms of the onset potential
This journal is © The Royal Society of Chemistry 2014
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Fig. 4 (a) Polarization curves of all NG and NG/MnOx electrocatalysts
prepared in the study. The electrochemical activities were compared
with control sets of the pristine GO, chemically reduced GO (CRGO)
and thermally reduced GO (TRGO). (b) Comparison of the onset
potential and limiting current density of each catalyst with the electron
transfer number (n) based on the Koutecky–Levich equation deter-
mined by RDE experiments. All electrochemical tests were acquired at
a rotation rate of 1600 rpm and a scan rate of 10 mV s�1 in O2-satu-
rated 0.10 M KOH electrolyte solution. The onset potential was
measured at �0.1 mA cm�2 and the limiting current was measured at
�0.50 V (vs. SCE).
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(V) and kinetic limiting current density (Jk) on the basis of the
RDE measurements. The electron transfer number (n) of each
catalyst was also calculated during the ORR process from the
RDE results based on the Koutecky–Levich (K–L) equation. The
K–L plot relates the current density (i) with the rotation rate of
the electrode (u) to determine both the kinetic current (ik) and
the number of transferred electrons (n) involved in the ORR.68,69

Unlike pristine GO, both CRGO and TRGO showed an improved
performance compared to pristine GO, while both reduced GOs
displayed negligible ORR activity with a dominant two-step,
two-electron ORR pathway. Meanwhile, the N-doped graphene
catalysts displayed considerably enhanced electrocatalytic
activity. Among all the NG samples, the NG800 showed the most
positive onset potential at �0.20 V and the highest limiting
current density of �3.0 mA cm�2 (Fig. S3 in the ESI†). It is
proposed that this result is closely related to the type of
N-conguration in NG800, as determined by high-resolution
XPS, in which a relatively high portion of graphitic-N species
effectively contributed to the enhanced ORR catalytic activity
(i.e., 37.3% of NG800 vs. 23.3% of NG600). Although there has
been signicant progress in the synthesis and applications of N-
doped carbon nanomaterials for ORR, which types of nitrogen
are active sites for ORR is still controversial as its contribution
to catalytic activity is not well dened. The pyridinic-N sites
have widely received credit as catalytic active sites for ORR
because of the delocalization of the p-electrons from pyridinic-
N.70 Additionally, XPS experiments showed that highly catalytic
carbon materials usually retain a large amount of pyridinic-
N.71–73 In contrast, a recent study by Knights and co-workers
reported that the electronegative graphitic-N species reduce the
electron density on the adjacent carbon nuclei, which helps
electrons transfer from the adjacent C to N atoms.74 This elec-
tron transfer process not only facilitates O2 dissociation on the
adjacent C atoms, but also helps to form a strong chemical
bond between O and C. In a separate study by Ruoff and co-
workers,53 they investigated the electrocatalytic activity based on
the graphitic-N content which determined the limiting current
density, while the pyridinic-N content improved the onset
This journal is © The Royal Society of Chemistry 2014
potential for ORR. In accordance with these claims, we observed
that the graphitic-N species played the most important role in
ORR activity by facilitating oxygen reduction in the NG nano-
sheets. Although the N-doping on graphene nanosheets signif-
icantly increased the ORR activity compared to the non-doped
counterparts, n for all NG catalysts, determined from the K-L
plot, was in the range of 2.2–3.0, indicating both two- and four-
electron reduction pathways taking place together.

The limited catalytic activities of NG catalysts can be com-
plemented with controlled growth of MnOx nanowires on the NG
nanosheets as clearly evidenced in Fig. 4. Here NG800 was
employed as a substrate owing to its high electrochemical activity
among the prepared NG nanosheets. Furthermore, the relative
amount of active material can be tuned with respect to the NG
catalyst in order to optimize the electrochemical performance.
The NG/MnOx hybrid catalysts were prepared by varying the feed
ratio of NG to Mn precursor from 0.5 to 10. The resulting hybrid
NG/MnOx catalyst was denoted as NG/MnOx(0.5:1), NG/MnOx(2:1)

and NG/MnOx(10:1) depending on the relative ratio of the NG
nanosheets and MnOx content. Thermogravimetric analysis
(TGA) provided the relative amount of MnOx that ranged between
62.8 (NG/MnOx(0.5:1)), 31.3 (NG/MnOx(2:1)) and 19.4% (NG/
MnOx(10:1)) (Fig. S4 in the ESI†). Aer careful evaluation of their
electrocatalytic behaviors, the hybrid NG/MnOx(2:1) had the best
performance among all samples. For example, the NG/MnOx(2:1)

catalyst exhibited signicantly higher catalytic activity thanNG800

and TRGO/MnOx(2:1) with an onset potential of �0.13 V and a
limiting current density of �4.0 mA cm�2. In addition, it
demonstrated a direct four-electron reduction pathway (n ¼
3.93), similar to commercial Pt/C catalysts (Fig. S5 and S6 in the
ESI†). This suggests that a ne balance between the graphene
supports and amounts of catalytic materials is also an important
factor in determining the electrocatalytic activity. Moreover, the
synergistic coupling effect of N-doping on carbon supports and
MnOx active materials has proven to effectively improve the
catalytic activity for ORR.

To further verify the ORR catalytic pathways with the opti-
mized hybrid NG/MnOx(2:1) catalysts, rotating ring-disk elec-
trode (RRDE) measurements were performed to monitor the
formation of peroxide species (HO2

�) during the ORR process.
Fig. 5a shows the disk and ring currents recorded at 1600 rpm in
0.10 M KOH for the NG800 and NG/MnOx(2:1) in comparison with
commercial Pt/C catalysts. The NG/MnOx(2:1) exhibited a higher
disk current (oxygen reduction) and a smaller ring current
(peroxide oxidation) than the NG800 catalyst. The percentage of
peroxide species with respect to the total oxygen reduction
products and the electron transfer number (n) calculated from
the RRDE curves are presented in Fig. 5b. The measured HO2

�

yields are around 10% over the entire potential range of �0.1 to
�0.8 V for the NG/MnOx(2:1) catalyst; this value is signicantly
lower than that of the NG catalyst, which is near 60%. The
average electron transfer number, n, was �3.9 from �0.1 to
�0.8 V for the hybrid that is close to a commercial Pt/C catalyst.
This is consistent with the result obtained from the K–L plot
based on the RDE measurements, suggesting that the hybrid
NG/MnOx(2:1) catalyst can undergo a one-step, direct 4-electron
ORR pathway with a low yield of the peroxide intermediate.
J. Mater. Chem. A, 2014, 2, 6167–6173 | 6171
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Fig. 5 (a) RRDE experiments of NG, NG/MnOx(2:1) and commercial
20 wt% Pt/C catalysts in O2-saturated 0.10 M KOH aqueous solution at
1600 rpm. (b) The plot of the peroxide yields (%) and the electron
transfer number (n) of electrocatalysts. (c) Characterization of the
methanol tolerance of NG/MnOx(2:1) and 20 wt% Pt/C catalysts. 3 M
methanol was injected into the electrolyte at 300 s. (d) Chro-
noamperometric responses of NG/MnOx(2:1) and Pt/C catalysts
at �0.5 2V (vs. SCE) in an O2-saturated 0.1 M KOH solution with 1600
rpm.
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Finally, the methanol crossover effect and durability of all
catalysts were assessed using chronoamperometric measure-
ments (Fig. 5c and d). The chronoamperometric response of the
NG/MnOx(2:1) catalyst remained stable even aer methanol
injection at 300 s, indicating no inuence from methanol
crossover. In clear contrast, the current density of the
commercial Pt/C catalyst dramatically jumped to a positive
value aer methanol injection, suggesting that the methanol
oxidation reaction (MOR) occurs on the surface of the Pt cata-
lysts. The durability test was also conducted at a constant
reduction potential of �0.5 V. Aer 12 h of operation, the
NG/MnOx(2:1) hybrid catalyst showed a marginal activity loss of
17.3%, whereas Pt/C lost nearly 40.6% of its initial activity. This
conrmed that the hybrid NG/MnOx electrocatalyst has a much
better stability for ORR in an alkaline environment.
Conclusions

In summary, a hybrid electrocatalyst of amorphous manganese
oxide nanowires supported on nitrogen-doped graphene nano-
sheets (NG/MnOx) was developed for an efficient ORR. Amussel-
inspired dopamine moiety was employed as the source of
nitrogen doping onto graphene nanosheets, which was subse-
quently used as the growth site for the amorphous MnOx

nanowires on the surface of NG. The hybrid NG/MnOx catalyst
exhibits excellent catalytic activity with a direct four-electron
pathway in ORR. Furthermore, the hybrid electrocatalyst
possesses superior stability and gives a low yield of peroxide
compared to commercial Pt/C catalysts. We suggest that the
synergistic coupling effect of N-doping on carbon supports and
6172 | J. Mater. Chem. A, 2014, 2, 6167–6173
active MnOx nanowires by an electronic conductive substrate
can effectively improve the catalytic activity for ORR.
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2010, 49, 2565–2569.

26 K. Ai, Y. Liu, C. Ruan, L. Lu and G. Lu, Adv. Mater., 2013, 25,
998–1003.

27 J. E. Post, Proc. Natl. Acad. Sci. U. S. A., 1999, 96, 3447–3454.
28 L. Mao, D. Zhang, T. Sotomura, K. Nakatsu, N. Koshiba and

T. Ohsaka, Electrochim. Acta, 2003, 48, 1015–1021.
29 M. S. El-Deab and T. Ohsaka, Angew. Chem., Int. Ed., 2006, 45,

5963–5966.
30 F. H. B. Lima, M. L. Calegaro and E. A. Ticianelli, Electrochim.

Acta, 2007, 52, 3732–3738.
31 Y. Tan, C. Xu, G. Chen, X. Fang, N. Zheng and Q. Xie, Adv.

Funct. Mater., 2012, 22, 4584–4591.
32 Y. Gorlin, C.-J. Chung, D. Nordlund, B. M. Clemens and

T. F. Jaramillo, ACS Catal., 2012, 2, 2687–2694.
33 J.-S. Lee, T. Lee, H.-K. Song, J. Cho and B.-S. Kim, Energy

Environ. Sci., 2011, 4, 4148–4154.
34 H. Kim and B. N. Popov, J. Electrochem. Soc., 2003, 150, D56–

D62.
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