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ABSTRACT: Nitrogen-doped graphene nanoribbon (N-
GNR) nanomaterials with different nitrogen contents have
been facilely prepared via high temperature pyrolysis of
graphene nanoribbons (GNR)/polyaniline (PANI) compo-
sites. Here, the GNRs with excellent surface integration were
prepared by longitudinally unzipping the multiwalled carbon
nanotubes. With a high length-to-width ratio, the GNR sheets
are prone to form a conductive network by connecting end-to-
end to facilitate the transfer of electrons. Different amounts of
PANI acting as a N source were deposited on the surface of
GNRs via a layer-by-layer approach, resulting in the formation
of N-GNR nanomaterials with different N contents after being pyrolyzed. Electrochemical characterizations reveal that the
obtained N8.3-GNR nanomaterial has excellent catalytic activity toward an oxygen reduction reaction (ORR) in an alkaline
electrolyte, including large kinetic-limiting current density and long-term stability as well as a desirable four-electron pathway for
the formation of water. These superior properties make the N-GNR nanomaterials a promising kind of cathode catalyst for
alkaline fuel cell applications.
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1. INTRODUCTION

Graphene nanoribbons (GNRs), as a novel carbonic material,
have attracted intensive attention due to their superior physical
and chemical properties. Generally, GNRs can be organically
fabricated by a bottom-up approach or longitudinally unzipping
single- or multiwalled carbon nanotubes (CNTs).1,2 Although
other methods, such as lithographic,3 chemical,4 and chemical
vapor deposition (CVD),5 can produce a microscopic specimen
of GNRs, they cannot be utilized to prepare GNRs with
smooth edges and controlled width at high yield. The obtained
GNRs produced by longitudinally unzipping from the carbon
nanotubes not only have the unique characteristic of graphene
such as lightweight, high thermal conductivity, superior
mechanical properties, and electronic transport properties but
also possess particular features such as high length-to-width
ratio, straight edges, and excellent surface integration with less
defects and/or holes on the basal plane.6,7 These unique
characteristics make GNRs promising candidates in various
practical applications such as field-effect transistors, transparent
electrodes, hydrogen storage, and polymer composites.6,8−11

Although the surface integration endows graphene or GNRs
with excellent physical properties such as electrical conductivity
and thermal transmission, the chemically stable sp2 hybridized
carbon atoms in graphene and the GNR framework hinder
their further applications in chemistry, particularly in catalysis.
Up to now, many strategies have been employed to tailor or
modify the electronic properties of graphene via chemical or
physical methods.12−16 Both theoretical calculations and
experiments have proved that chemical doping with heter-
oatoms like N and B can intrinsically modify the properties of
carbon materials.14 Especially, the N atom is considered as the
best candidate for carbon substitution because it has five
valence electrons which are prone to form strong valence bonds
with carbon atoms. In addition, the lone electron pairs of N
atom can provide “electrocatalytically active sites” in graphene
framework after being hybridized with sp2 carbon atoms, which
will considerably enhance the reactivity and electrocatalytic
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performance of graphene.17,18 Dai and co-workers prepared a
kind of N-doped carbon nanotube arrays which were produced
by pyrolysis of iron phthalocyanine (a metal heterocyclic
molecule containing nitrogen) and subsequent removal of the
residual Fe catalyst by electrochemical purification. This catalyst
exhibits a much better electrocatalytic activity, long-term
operation stability, and tolerance to crossover effect than
platinum of oxygen reduction reaction (ORR) in alkaline fuel
cells.19 Also, Wong and co-workers prepared a nanoporous few-
layer nitrogen-doped graphene by high-temperature pyrolysis of
the composite of graphene oxide and polyaniline.20 The
resulting catalyst contains 2.4 wt % nitrogen element and
exhibits large kinetic-limiting current density, long-term
stability, and a desirable four-electron pathway for the
formation of water. Furthermore, Dai and co-workers
developed an oxygen reduction electrocatalyst based on carbon
nanotube-graphene complexes. After being annealed in
ammonia atmosphere at high temperature, the prepared
catalysts exhibit high activity, excellent tolerance to methanol,
and superior stability in comparison to other nonprecious metal
catalysts in both acidic and alkaline solutions.21 In this work,
GNRs were prepared by longitudinally unzipping of multi-
walled CNTs, and nitrogen-doped GNR (N-GNR) nanoma-
terials have been successfully prepared by high-temperature
pyrolysis of GNR/polyaniline (GNR/PNAI) composites,
where PANI was controllably deposited on the surface of
GNR sheets as a nitrogen source. In this way, N-GNR
nanomaterials with nitrogen contents from 4.1 wt % to 8.3 wt
% have been obtained by adjusting the weight percentage of
PANI in the GNR/PANI composites. Being used as metal-free
ORR electrocatalysts, the N-GNR materials exhibit excellent
activity with an electron transfer number of 3.91 and superior
stability compared to the commercial Pt/C electrocatalyst in
alkaline medium, which makes them promising catalysts in
electrochemical applications.

2. EXPERIMENTAL SECTION
Materials. Multiwalled CNTs used in this work are commercially

obtained from Chengdu Organic Chemicals Co. Ltd., which are
produced by the CVD method with a diameter of 30−50 nm and a
length of about 30 μm. Aniline monomer and ammonium persulfate
(APS) were purchased from Sinopharm Chemical Reagent Co. Ltd.,
and Milli-Q ultraclean water was used throughout the experiments.
The commercial Pt/C catalyst (20 wt %) was purchased from Sigma-
Aldrich. All other reactants were directly used without any further
purification.
Preparation of GNR Sheets and N-GNR Nanomaterials.

Graphene nanoribbons were prepared by longitudinally unzipping the
multiwalled CNTs. Typically, 200 mg of pristine CNTs was suspended
in 45 mL of concentrated sulfuric acid (H2SO4) in a flask and stirred
for 1 h to form a uniformly dispersed solution. Then, 6 mL of
phosphoric acid (H3PO4) was added dropwise, and the mixture was
allowed to stir for another 30 min at room temperature. After that, the
reaction temperature was increased to 70 °C, and 1 g of potassium
permanganate (KMnO4) was gradually added into the reaction
mixture, in which KMnO4 was added by 200 mg per hour until it
was used out. After being cooled to room temperature naturally, the
mixture was poured into 250 mL of ice−water containing 10 mL of
hydrogen peroxide (H2O2) (30 wt %) and allowed to coagulate for 24
h. Then the obtained precipitate was sonicated for 30 min at 250 W
and dialyzed against ultraclean water for 1 week to get a solution with
good dispersion of the oxided GNR sheets, which was further reduced
by hydrazine hydrate at 98 °C with stirring for 3 h, resulting in the
formation of pure GNR sheets. A certain amount of aniline monomer
(from 20, 50, 100 to 200 mg) was codispersed with GNRs (100 mg) in
50 mL of 1 M HCl solution in a flask, and 40 mL of 1 M HCl solution

containing 2 times the amount of APS was slowly added into the flask
dropwise to get the composites of GNRs and polyaniline (PANI),
denoted as GNR-PANI20, GNR-PANI50, GNR-PANI100, and GNR-
PANI200, respectively. N-GNR nanomaterials with different N contents
were prepared by pyrolyzing GNR/PANI composites at 900 °C for 1 h
in an argon atmosphere. For comparison, pure GNR sheets without
PANI were also treated with the same pyrolysis process and used as a
reference sample.

Characterization. Transmission electron microscopy (TEM)
images were obtained on a Philips CM300 FEG TEM instrument
operated under an acceleration voltage of 200 kV. X-ray diffraction
(XRD) measurements were carried out using a PANalytical X’Pert
PRO XRD with Cu Kα radiation (λ = 0.1542 nm; operating voltage,
40 keV; cathode current, 40 mA; scan rate, 2° min−1). Scanning
electron microscopy (SEM) images were observed by a field emission
scanning electron microscope (FESEM, JEOL JSM-6700 F). Raman
spectra were collected using an Avalon Instruments Raman Station
with a 632.8 nm He−Ne laser. X-ray photoelectron spectroscopy
(XPS) spectra were collected by a Perkin-Elmer PHI 5000 CESCA
spectrometer equipped with a hemispherical electron energy analyzer
at a pressure lower than 1029 Torr. Fourier transform infrared (FTIR)
spectra were obtained from a Nicolet Nexus 470 infrared
spectrophotometer with a scan range of 400−4000 cm−1 and signal-
averaging 64 scans at a resolution of 4 cm−1.

Electrochemical Characterizations. The electrochemical proper-
ties of N-GNR nanomaterials were tested in a three-electrode system,
in which a Pt wire and an Ag/AgCl electrode filled with a saturated
KCl aqueous solution were used as the counter electrode and
reference electrode, respectively. A glass carbon electrode with a
diameter of 3 mm was used as a working electrode which was
mechanically polished with 1.0, 0.3, and 0.05 μm alumina slurry and
washed with ultraclean water and ethanol to get a mirrorlike surface.
Twenty mg of the N-GNR sample was dispersed in a 10 mL solvent
mixture of Nafion (5%) and water (v/v ratio = 1:9) using sonication.
Five μL of the prepared suspension was dropped onto the glass carbon
electrode (3 mm diameter, 0.07065 cm2 geometric area). Nitrogen
(N2) or oxygen (O2) was used to purge the solution to achieve the N2
or the O2-saturated electrolyte. The Pt/C catalyst (20 wt %) was used
for comparison. All the samples were tested for 5 times at least. CV
and RDE experiments were carried out at a scan rate of 10 mV/s
during the potential of +0.2 to −0.8 V in 0.1 M KOH solution.

The RDE measurements were carried out at different rotating
speeds between 400 and 2400 rpm in the O2-saturated 0.1 M KOH
aqueous solution. The Koutecky−Levich plots (J−1 vs ω−1/2) were
analyzed at various electrode potentials. The slopes of their linear fit
lines are used to calculate the electron transfer number (n) on the
basis of the Koutecky−Levich equation

ω
= + = +

J J J J B
1 1 1 1 1

K L K
1/2

where J is the measured current density, JK is the kinetic current
density of the ORR, and ω is the angular velocity of rotation. Here, B
is related to the diffusion-limited current density through the
expression JL = Bω1/2, which can be defined as

= −B nFv D C0.62 1/6
O

2/3
O2 2

where n is the overall number of electrons transferred during the
oxygen reduction, F is the Faraday constant (96485 C mol−1), ν is the
kinematic viscosity of the solution (0.01 cm2 s−1).22,23 DO2

is the

diffusion coefficient of oxygen (1.9 × 10−5 cm2 s−1).24,25 CO2
is the

concentration of oxygen in the bulk (1.13 × 10−6 mol cm−3).22,24

3. RESULTS AND DISCUSSION
Structure and Morphology of GNR and N-GNR

Composites. Figure 1 shows the preparation procedure of
N-GNR nanomaterials, which were prepared by high-temper-
ature pyrolysis of the GNR/PANI composite. GNR sheets with
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a high aspect ratio used in this work were prepared by
longitudinally unzipping of the pristine CNTs. After being
reduced by N2H4·H2O, a certain amount of the oxygen-
containing groups can be removed. Then the GNR sheets were
dispersed in DI water with the aid of ultrasonication. Different
amounts of aniline solution (3 mM) in 0.1 M HCl were added
into the GNR dispersion with APS as the catalyst. During the
procedure of in situ polymerization, a GNR sheet acts as the
structural framework so that a uniform layer of PANI was
coated on its surface, which results in the formation of the
GNR/PANI composite. N-GNR nanomaterials can be obtained
after GNR/PANI composites were pyrolyzed at 900 °C for 1 h.
Figure 2 shows the TEM images of pristine CNTs, pure

GNR sheets, neat PANI nanorods, and GNR/PANI
composites. Pristine CNTs with a diameter of 30−50 nm
were shown in Figure 2a. After the CNTs have been unzipped,

GNR sheets with a larger width and a comparable length
compared with the pristine CNTs have been obtained, as seen
in Figure 2b. It can be seen that there are no residual CNTs
existing in the obtained GNR material, indicating that the
pristine CNTs were totally unzipped or opened. The successful
unzipping of pristine CNTs has been further confirmed by
XRD characterization. As seen in Figure S1, pristine CNTs
show a sharp diffraction peak at 2θ = 26.1°, corresponding to a
d-spacing of 3.4 Å which is a characteristic interlayer spacing of
CNTs. After being unzipped, the obtained oxide GNR sheets
show a broad diffraction peak centered at 2θ = 12.1° (in the
absence of residual diffraction at 2θ = 26.1°), corresponding to
a d-spacing of 7.6 Å, confirming that the layer distance has been
totally enlarged to 7.6 Å. These results can adequately indicate
the pristine CNTs have been unzipped. In addition, the GNR
sheets were bonded by each other with an enlarged contacting
area. These unique structural characteristics can facilitate the
formation of an electrical conductive pathway inside the
prepared GNR sheets. Figure 2c shows the neat PANI prepared
at the same process without the addition of GNRs. It can be
seen that the obtained PANI nanorods show a hierarchical
structure and similar size and/or length with the prepared GNR
sheets. These features make it difficult to distinguish GNRs
from PANI in the composite of GNR/PANI, as seen in Figure
2d. However, viewed from the overall aspect of the image, it
can be seen that the GNR sheets and PANI nanorods are
uniformly codispersed without apparent stacking or aggrega-
tion. Figure S2 shows the TEM and SEM images of GNR
sheets and GNR/PANI composites, respectively, with large
scale bars. This indicates that PANI nanorods can be uniformly
deposited on the surface of GNRs, which makes sure a
homogeneous doping of nitrogen element on the surface of
GNR sheets and accelerates the catalytic ability of N-GNR
nanomaterials.
The morphology of the prepared samples was further

observed by SEM, as seen in Figure 3. Compared with the

Figure 1. Schematic illustration of the synthetic procedure for N-GNR
nanomaterials.

Figure 2. TEM images of (a) pristine CNTs, (b) pure GNR sheets, (c) neat PANI nanorods, and (d) GNR/PANI composites.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am405900r | ACS Appl. Mater. Interfaces 2014, 6, 4214−42224216



pristine CNTs (Figure 3a), the GNR sheets clearly exhibit a
larger width, and uniform pores with a diameter of 30−50 nm
were formed throughout the GNR nanomaterials. Furthermore,
no tubelike CNTs can be observed all over the surface or
structure of GNR sheets, which evidently confirms that the
pristine CNTs have been successfully unzipped. Figure 3c
shows the SEM image of neat PANI with a rodlike particle
morphology, which seems to be loosely packed with pores
existing inside it. Here, the unconspicuous difference of GNRs
and PANI can be ascribed to the reasons that rodlike PANI has
similar size and/or dimension compared with GNR sheets as
well as low dimensional features of the GNRs. It can be also
proposed that the GNR sheets prepared from unzipping the
pristine CNTs have a certain amount of oxygen-containing
groups on its surface that the aniline monomers are prone to be
adsorbed on its surface due to the electrostatic interaction,
which results in the layer-by-layer stacking of PANI nanorods
on the surface of GNR sheets. This feature can facilitate the
attachment and doping effect of the nitrogen element at the
defective structure of GNR sheets.
Spectroscopic methods have been utilized to further confirm

the structural evolution as the PANI content increases in GNR/
PANI composites. Figure S3 shows the FTIR spectra of GNR
sheets, pure PANI, and GNR/PANI composites with different
weight percentages of PANI. As can be seen, the FTIR spectra
of GNRs show weak absorption peaks centered at 1040 and
1720 cm−1, corresponding to low content of C−OH and CO
groups. The relatively strong absorption peak at 3440 cm−1 can
be ascribed to the vibration of −OH. Compared with the
characteristic peak of PANI at about 857 and 1172 cm−1, it can
be found that the functional groups of PANI on the surface of
GNRs are gradually increased, indicating that PANI was grown
on the surface of GNRs in a layer-by-layer way, and for the
sample of GNR/PANI200, it is different to observe the
characteristic peaks of GNRs as it shows almost the same
absorption peaks of PANI, indicating the presence of PANI

nanorods covered the surface of GNRs, which is consistent with
the results of SEM observation.
Figure 4 shows the XRD patterns of pure GNRs, neat PANI,

and GNR/PANI composites with different contents of PANI.

The pattern of GNR exhibits a broad peak at 2θ = 25.6°,
corresponding to a d-spacing of 3.46 Å. This result means that
the interlayer spacing of GNR sheets was decreased as a certain
amount of oxygen-containing groups have been removed,
which is consistent with the XRD results of graphene sheets.26

GNR/PANI composites show the gradually increased charac-
teristic diffraction peaks of PANI as the PANI nanorods were
deposited on the surface or interlayer of GNRs in a step-by-step
way. In particular, the GNR-PANI200 sample shows apparent
characteristic diffraction peaks at 2θ = 14.9°, 20.6°, and 25.4°,
corresponding to (011), (021), and (200) planes of the
emeraldine salt form of PANI, respectively. These results
further prove that PANI nanorods are deposited on the surface

Figure 3. SEM images of (a) pristine CNTs, (b) pure GNR sheets, (c) neat PANI nanorods, and (d) GNR/PANI composites.

Figure 4. XRD curves of pure GNRs, neat PANI, and GNR/PANI
composites with different contents of PANI.
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or interlayers of GNR sheets, which ensures the effective and
efficient doping of nitrogen element at the plane of GNRs.
The obtained GNR/PANI composites have been treated

with high-temperature pyrolysis in order to achieve the
nitrogen doping effect of GNR sheets.27 XPS experiments
have been used to determine the surface element constitution
of GNR sheets. As seen in Figure 5a, the survey spectrum of
pure GNR sheets shows the presence of O and C peaks without
any other impurities, indicating that a few oxygen-containing
groups exist on GNR sheets which will assist the dispersion of
GNRs. However, it is evident that no nitrogen element exists
on the plane of GNR sheets as seen in the enlarged range from
395 to 408 eV (inset picture in Figure 5a). From the inset of
Figure 5b, electron spectroscopy of nitrogen element was
clearly observed in the range from 395 to 408 eV, indicating an
efficient nitrogen doping effect of the GNR sheets.
The material property and performance to ORR strongly

depend on the bonding configuration of N atoms in graphene
or other carbon materials.28 Generally, the nitrogen bonding
configuration of nitrogen functionalities includes N atoms
doped into a graphene basal plane (quaternary N), N atoms in
a six-member ring (pyridinic N) and a five-member ring
(pyrrolic N), and N atoms bonded with O atoms (oxidized N),
as schematically shown in Figure 6. Here, the nitrogen contents
in the GNR sheets are found to be 4.1, 6.7, 7.4, and 8.3 wt %
(labeled as N4.1-GNR, N6.7-GNR, N7.4-GNR, and N8.3-GNR,
respectively) for GNR-PANI20, GNR-PANI50, GNR-PANI100,
and GNR-PANI200, which were prepared by polymerizing 20,
50, 100, and 200 mg of aniline monomer on the surface of 100
mg GNRs. The high-resolution N1s XPS spectrum of N8.3-
GNR was used primarily to determine the bonding
configurations of N atoms in the composite, as seen in Figure
5c. The peak deconvolution suggests four components were
centered at about 398.2, 400.0, 401.0, and 403.0 eV,
corresponding to pyridinic N, pyrrolic N, quaternary N, and
oxidized N, respectively.20,29 As quaternary N and pyridinic N

are crucial for the high catalytic activity of the carbon materials
by playing the role of “active sites”,12,30 the contents of
quaternary N and pyridinic N in the N-GNR samples have
been calculated, as seen in Figure 5d. Quaternary N and
pyridinic N contents in N-GNR samples were gradually
increased with the increase of the PANI content in the
GNR/PANI composites. This can be ascribed that positively
charged PANI is prone to be bonded on the surface of
negatively charged GNRs, and the nitrogen element tends to be
doped at the defective structure, resulting in the formation of
N-GNRs. Also, with the increase of PNAI content, more active
sites in the GNR sheets can be created. However, due to its
loosely stacking condition, some PANI located at the outside
position can hardly contribute to the N doping efficiency,
which can be also explained by the slight increase of quaternary
and pyridinic N of N8.3-GNR compared to that of N7.4-GNR.
Raman spectroscopy is regarded as one of the most widely

used techniques to characterize the structural derivation and
electronic property of carbon materials including an element
doping level.31 In this work, the structural changes of GNRs, N-
GNR nanomaterials obtained by cleavage of GNR/PANI
composites were further investigated by Raman spectroscopy,
as seen in Figure 7. Generally, the Raman spectrum of graphene
or graphene-based materials is characterized by two main

Figure 5. XPS analysis of (a) pure GNR sheets and (b) N7.6-GNR. Inset: high resolution N 1s spectrum. (c) Peak deconvolutions of the N 1s spectra
of N8.3-GNR. (d) Quaternary N and pyridinic N content in the GNR sheets and N-GNR samples.

Figure 6. Schematic showing bonding configurations of N
functionalities in N-GNR nanomaterial.
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features, including the D band arising from a breathing mode of
K-point photons of A1g symmetry and the G band arising from
the first-order scattering of the E2g phonon of sp2 C atoms.31

Compared with GNRs, the obtained N-GNR nanomaterials
exhibit an enhanced intensity ratio of the D band and the G
band (ID/IG, 1.50 for N8.3-GNR compared with 1.00 for
GNRs). These results can be ascribed to the size decrease of
the sp2 framework domain induced by high-temperature
reduction and the doping effect induced by the pyrolysis of
increased PANI content. This phenomenon can evidently prove
that the doping role of PANI has been achieved during its
structural decomposition as N-containing groups in PANI are
prone to be cleaved and doped on carbonic materials at
temperatures higher than 350 °C.20 In addition, Raman
spectrum of the annealed neat PANI powder with a ID/IG
value of 1.0 has been obtained, as seen in Figure S4. The D
band with a low intensity at 1324 cm−1 indicates that the PANI
tends to be carbonized at high temperature with nitrogen
containing groups recombined, resulting in the formation of a
more stable structure and the loss of active sites for ORR.
Electrochemical Properties of GNR and N-GNR

Composites. In order to adequately understand the ORR
performance of GNRs and N-GNR nanomaterials, cyclic
voltammograms (CV) of GNRs, N4.1-GNR, N6.7-GNR, N7.4-
GNR, and N8.3-GNR in O2-saturated and N2-saturated KOH
electrolytes were performed in a conventional three-electrode
system, as shown in Figure 8. The GNR catalyst shows a pure
capacitive current background in the N2-saturated electrolyte
and a relative broad cathodic peak at −0.31 V in the O2-
saturated electrolyte, indicating a good O2 reduction prop-
erty.32 In contrast, the N8.3-GNR nanomaterial catalyst shows a
much more positive cathodic peak at −0.21 V and a higher
cathodic current, suggesting an enhanced ORR catalytic activity
of N-doped GNR sheets.33−35

To further evaluate the electrocatalytic activity of N-GNR
nanomaterials, linear-sweep voltammetry (LSV) of GNRs and
N-GNR nanomaterials at a rotation speed of 1600 rpm was also
measured in the O2-saturated 0.1 mol/L KOH solution on
RDE, as seen in Figure 9a. Clearly, the N-GNR nanomaterials
exhibit much higher current density compared with the GNR
catalyst, indicating a greatly enhanced activity for ORR by the
introduction of the N element. Especially, the nanomaterial of
N8.3-GNR shows a much more positive onset potential than the

other prepared samples including the GNR catalyst, which
reveals that the catalytic activity of N8.3-GNR is promising and
outstanding. Furthermore, a set of LSV curves for ORR based
on the N8.3-GNR catalyst recorded from 400 to 2400 rpm was
shown in Figure 9b. It can be seen that the measured current
density was gradually increased with the increase of rotation
rate, which can be explained that the diffusion distance at high
speeds was shortened. The Koutecky−Levich plots (J−1 vs
ω−1/2) were obtained from the polarization curves at different
potentials, as seen in Figure 9c. The good linearity of the
Koutecky−Levich plots and nearly parallelism of the fitting
lines suggest first-order reaction kinetics toward the concen-
tration of dissolved oxygen and similar electron transfer
number for ORR at different potentials.36,37 Here, the
transferred electron number (n) per O2 from the slopes of
Koutecky−Levich plots as N8.3-GNR is calculated to be 3.91 at
potentials from −0.15 to −0.3 V. This suggests that the catalyst
of N8.3-GNR exhibits a dominant four-electron oxygen
reduction process, as seen in Figure S5. In contrast, GNR
sheets without N doping exhibit an electron transfer number of
2.89, indicating a combined two-electron and four-electron
reduction pathway.38 In addition, the kinetic-limiting current
density (JK) calculated from the linearity of J−1 vs ω−1/2 is 5.15
for N8.3-GNR, which is comparable or even higher than
previously reported results for nitrogen-doped graphene,
CNTs, and other types of carbon materials,24 as seen in Figure
9d. This excellent performance of electrocatalytic activity can
be indicated that, as the obtained GNR sheets have straight
ribbonlike structure, most N atoms doped on its surface are
quaternary N and pyridinic N, and oxygen molecules can be
activated on both of these two kinds of doped N. As for
quaternary N, electrons transfer from the adjacent C to N
atoms, and N donates back electrons to adjacent C pz orbitals,
and the donation and back-donation process will not only
facilitate O2 dissociation on the adjacent C atoms but also help
to form a strong chemical bond between O and C.28 Also for
pyridinic N located at the GNR edge, oxygen can be activated
via direct bonding with the lone electron pair of N.39

Furthermore, the durability of N8.3-GNR and Pt/C catalysts
toward ORR was evaluated through chronoamperometric
measurements at −0.3 V, as shown in Figure 10. After 5000
s, the N8.3-GNR lost 4.9% of its initial catalytic activity

Figure 7. Raman spectra of pure GNR sheets, N-GNR nanomaterials
with different N contents.

Figure 8. Cyclic voltammograms of GNRs, N4.1-GNR, N6.7-GNR, N7.4-
GNR, and N8.3-GNR in the O2-saturated (dashed curves) and the N2-
saturated (solid curves) KOH solution (0.1 mol/L).
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compared with 9.5% of Pt/C. This means a much better
stability of N8.3-GNR than the commercial Pt/C catalyst in
alkaline solution, which is an exciting result for the further
applications in alkaline fuel cells. All these results clearly
demonstrate that the N-GNR nanomaterials prepared in this
work are promising metal-free catalysts for ORR with excellent
electrocatalytic activity and very good stability, which can be a
feasible alternative to Pt.

4. CONCLUSIONS

In this work, N-GNR with different N contents have been
facilely prepared via high temperature pyrolysis of GNR/PANI
composites, where the GNR sheets were prepared by
longitudinally unzipping from the multiwalled CNTs. Due to
the unique structure of GNRs, the N atoms decomposed or
reconstructed from PANI are primarily quaternary N and
pyridinic N, which are crucial for high performance of ORR.
Compared with neat GNR sheets, the prepared N8.3-GNR
nanomaterial exhibits a much more positive onset potential in
the polarization curve and the cathodic peak in the cyclic
voltammogram with an almost four-electron transfer process of
O2 reduction, indicating a greatly enhanced catalyst activity for
ORR. Also, N8.3-GNR nanomaterial possesses a comparable
stability with the commercial Pt/C. In addition to the
promising performance at oxygen reduction, it can be
anticipated that this N-GNR nanomaterial can provide wide
applications in the field of supercapacitors, sensors, lithium ion
batteries, and other energy storage and conversion.
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Figure 9. (a) RDE curves of ORR for GNR and N-GNR nanomaterials in the O2-saturated 0.1 mol/L KOH solution at a scan rate of 10 mV s−1 with
an electrode rotation rate of 1600 rpm. (b) RED curves for N8.3-GNR in the O2-saturated 0.1 mol/L KOH solution at a scan rate of 10 mV s−1 with
different rotation rates from 400 to 2400 rpm. (c) Koutecky−Levich plots of J−1 vs ω−1/2 at different potentials derived from the RDE measurements.
(d) Electrochemical activity given as the kinetic-limiting current density (JK) at −0.7 V for GNR and N-GNR nanomaterials.

Figure 10. Chronoamperometric responses of the N8.3-GNR nano-
material and the Pt/C catalyst at −0.3 V in the O2-saturated 0.1 M
KOH electrolyte.
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