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Abstract: A simple, low cost and nontoxic preparation
method to obtain high performance oxygen reduction reac-
tion (ORR) catalysts is of great significance in fuel cell fields.
Herein, graphene nanoribbons (GNRs) with numerous graph-
itic edges are chosen as supporting material to hybridize
with nitrogen atoms and cobalt oxide (Co3O4) through
a simple one-step hydrothermal reaction. With a high edge-
to-plane ratio, the GNR sheets could increase the accessibili-
ty of N-atom doping into the graphene edges to form active

ORR sites, and be also interconnected with each other to
form a conductive network, thus facilitating the fast electron
transfer. The intimate contacts between Co3O4 nanoparticles
and nitrogen-doped GNRs (N-GNRs) along with the porous
structure impart the N-GNR/Co3O4 hybrid with excellent ORR
performance, which leads to a comparable onset-potential
to commercial Pt/C catalyst but larger current density, better
long-term stability and superior tolerance to crossover
effects.

Introduction

Fuel cells can convert the chemical energy in fuels like hydro-
gen or methanol into electricity without any toxic byproducts,
but their efficiency is greatly limited by the sluggish kinetics of
the cathode oxygen reduction reaction (ORR).[1] Therefore, de-
veloping high-efficiency, high-durability and low-cost ORR cata-
lysts is of great importance in the advancement of fuel cells. To
date, commercial ORR catalysts rely greatly on Pt-based materi-
als because of their extraordinary ORR activity. However, their
disadvantages such as poor durability, high cost and suscepti-
bility to crossover effects severely hinder their wide applica-
tion.[2] In recent years, great efforts have been devoted to
search for nonprecious metal alternatives, and among them,
carbon-based nanomaterials have been recognized as promis-
ing candidates to replace the Pt/C catalyst.[3–6]

Among various carbon materials, graphene and carbon
nanotubes (CNTs) are considered to be suitable substrates for
heteroatom doping or immobilization of electrochemically
active nanomaterials due to their intrinsic excellent conductivi-
ty and chemical stability.[3, 5, 7–9] In addition, the edges of gra-
phene show a much faster electron transfer rate and much
higher electrocatalytic activity than the basal plane according
to some previous experimental results and density function
theory calculations.[10–13] Since O2 molecules are more likely to
be adsorbed on the exposed edges of graphene rather than
the basal plane itself, graphene edges result in higher ORR ac-
tivity.[14] Many studies show that the doping of nonmetal heter-
oatoms (like N atom) into graphene or CNTs can greatly en-
hance their ORR catalytic activity because heteroatom doping
can change the electronic and surface chemical properties of
these carbon materials.[3, 5, 15, 16] Additionally, the incorporation
of N atoms into carbon can also increase the electronic density
of states near the Fermi level, thus facilitating the electronic
transfer from the C to O as well as the O=O breaking in O2.[3, 12]

Furthermore, the N atoms located at graphitic edges also
show higher ORR activity, for the ORR-active pyridinic N and
pyrrolic N are both located at the edges of graphene
plane.[17, 18]

As a new sibling of graphene, graphene nanoribbons (GNRs)
have quasi-one-dimensional structure and much higher edge-
to-plane ratio than graphene sheets.[19, 20] The basal plane of
GNRs consisted of conjugated sp2 carbon atoms could retain
the unique properties of graphene, while the edges containing
a defective graphitic line of carbon atoms with dangling bonds
and various capping moieties (e.g. , hydroxyl, carbonyl and car-
boxyl groups) can also provide many electrochemically active
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sites.[10] Therefore, GNRs with abundant edges and high-con-
ductivity features could be promising supporting materials for
ORR catalysts. However, up to now, reports on GNRs-based
ORR catalysts are far fewer than that of graphene-based mate-
rials. In addition, most of the GNRs-based ORR catalysts in the
literature are confined to chemical doping, like N-doping[21] or
B, N co-doping,[22, 23] which shows limited improvement of ORR
activity. As far as we know, there are only few reports on the
hybridization of N-doped GNRs with metal oxides for ORR cata-
lytic applications.

In this work, GNRs obtained from longitudinal unzipping
CNTs were used as supporting materials for both N-atom
doping and anchoring of Co3O4 nanoparticles to prepare N-
GNR/Co3O4 hybrids through a simple one-step hydrothermal
reaction. During the hydrothermal process, the reduction of
graphene oxide nanoribbons (GONRs), the doping of nitrogen
and in situ growth of Co3O4 nanoparticles on GONRs were real-
ized simultaneously. When used as an ORR catalyst, N-GNR/
Co3O4 hybrids manifest comparable onset potential to com-
mercial Pt/C catalyst, along with slightly larger current density,
improved stability and superior resistance to crossover effects.

Results and Discussion

Synthesis and characterization of GONRs and N-GNR/Co3O4

hybrids

GONRs were first prepared by longitudinally unzipping pristine
MWCNTs according to previous work.[19] The TEM images in
Figure 1 show the diameter of pristine MWCNTs is 20–50 nm
while the width of GONRs is 80–150 nm after chemically unzip-
ping. Some GONR fragments were also observed due to soni-

cation aiming to disperse GONRs in water, as shown in Fig-
ure 1 e. Once the GONR dispersion (1 mg mL�1) was obtained,
Co(CH3COO)2·4 H2O aqueous solution was added dropwise
under sonication followed by stirring for 30 min (Scheme 1). In
this manner, Co2+ would be absorbed on the surface of
GONRs due to the electrostatic interactions between the
oxygen-containing groups and metal cations. Then NH3·H2O
was added into the suspension, and [Co(NH3)6]3 + was formed

and decomposed at a certain temperature to generate Co3O4

nanoparticles.[23] The advantage of this synthetic method is
that excessive NH3·H2O can act as a nitrogen source for N-
doping of GONRs. After stirring for another 10 min under am-
bient condition, the mixture was transferred into Teflon auto-
clave followed by a hydrothermal process. The final black
products (i.e. , N-GNR/Co3O4 hybrids) were collected by centri-
fugation and washed with water and alcohol, and then used as
ORR catalyst.

The successful preparation of N-GNRs/Co3O4 hybrid can be
seen by TEM. As shown in Figure 2 a and 2 b, Co3O4 nanoparti-

Figure 1. FESEM and TEM images of (a, b, c) CNTs and (d, e, f) GONRs.

Scheme 1. Preparation procedure for the N-GNR/Co3O4 hybrids.

Figure 2. TEM images of N-GNR/Co3O4 hybrid at low (a) and high (b) magni-
fications and corresponding HRTEM images (c).
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cles are uniformly anchored on N-GNRs with small size of 5–
10 nm, and this small-sized Co3O4 can offer more ORR active
sites for electrochemical applications. The HRTEM image (Fig-
ure 2 c) clearly shows the lattice fringe of Co3O4 nanoparticles,
which confirm that crystalline structures are formed. Figure 2 c
also shows few-layered GNRs with no obvious stacking or ag-
glomerations in the N-GNR/Co3O4 hybrid, which is due to the
fact that immobilization of Co3O4 nanoparticles on GNR planes
can effectively prevent their aggregation during the reduction
process, thus resulting in the full utilization of the large surface
area of GNRs. The scanning TEM image and corresponding ele-
mental mapping analysis of N-GNR/Co3O4 suggest the pres-
ence and uniform distribution of C, Co, O, N in the hybrid (Fig-
ure S1 in the Supporting Information). The FESEM images of N-
GNR/Co3O4 hybrids with different Co3O4 loading contents are
shown in Figure S2. All the samples display good distribution
of Co3O4 nanoparticles on the surface of GNR sheets. However,
overloading of Co3O4 nanoparticles will lead to their aggrega-
tion (Figure S2 c and S2 d) and may block the active centers,
thus leading to lower ORR performance.

Figure 3 a reveals the increase of the intensity ratio of D
band to G band in GONRs (ID/IG = 0.97) compared with CNTs

(ID/IG = 0.54), indicating the existence of substantial defect
edges in GONRs. Figure 3 b displays the XRD patterns of CNTs,
GONRs, GNRs and N-GNR/Co3O4 hybrid. The sharp (002) graph-
itic peak at 2q= 26.18 of CNTs corresponds to the d-spacing of
3.4 �, which is the characteristic interlayer spacing of CNTs. For
GONRs, the sharp (002) peak was substituted by a broad (001)
peak centered at 2q= 10.28 corresponding to a d-spacing of
8.7 �. The increased d-spacing is caused by the insertion of
oxygen-containing groups during the unzipping process,
which is supported by XPS and TGA analysis of pristine CNTs
and GONRs. As shown in Figure S3, both the XPS and TGA
data show an obvious increase in the number of oxygen-con-
taining groups after the unzipping process. The disappearance
of (001) peak and the reappearance of (002) peak in the XRD
pattern of GNRs indicate a reduction process occurred and the
GONRs have been reduced to GNRs during the hydrothermal
reaction. This phenomenon is similar to the XRD pattern
changes when graphene oxide (GO) is reduced to graphene
(rGO). The diffraction pattern of N-GNR/Co3O4 exhibits a set of
characteristic peaks at 2q= 19.18, 31.58, 37.18, 44.98, 59.58 and
65.38 corresponding to the (111), (220), (311), (400), (511), (440)

crystal facets of cubic spinel-structured Co3O4 (JCPDS no. 42-
1467). The characteristic peak originating from GNRs is invisible
in this pattern, which is probably due to the strong peaks of
the metal oxide that may hind the broad peak of carbon
materials.

In order to analyze the surface elemental composition and
the chemical state of each element in N-GNR/Co3O4, XPS char-
acterization was performed (Figure 4). The survey spectrum

shows the contents of C, N, O and Co elements in the hybrid
are 71.71 at %, 5.26 at %, 19.04 at % and 3.99 at %, respectively.
The presence of the N 1s peak confirms the successful doping
of nitrogen atoms into the carbon substrate. It is worthwhile
to note that the ORR performance is strongly dependent on
the bonding configuration of N atoms.[12, 18, 24] The high resolu-
tion N 1s peak (Figure 4 b) reveals that the nitrogen atoms are
incorporated into the carbon structure in three main configura-
tions: pyridinic N (398.6 eV, 28 at %), pyrrolic N (399.7 eV,
64 at %) and graphitic N (401.0 eV, 8 at %). Both pyridinic N and
pyrrolic N are located at the graphitic edge. Each pyridinic N is
bonded to two carbon atoms and donates one p-electron to
the aromatic p system while pyrrolic N atoms are integrated
into five-membered heterocyclic rings and contribute two p-
electrons to the p system. Quaternary N atoms are those
doping into the hexagonal carbon atom rings.[15, 18, 25] Although
the real nature of various N sites is still uncertain, there is
a widely accepted view that the N atoms located at the graph-
itic edge are much more active than the in-plane N doped
sites for ORR.[17, 26] The abundant edges in GNRs greatly in-
crease the amount of N atoms doping into the edge graphitic
carbon, thus potentially leading to a better performance.

The Co 2p spectrum of N-GNR/Co3O4 hybrid exhibits two
main peaks at 796.4 eV and 780.5 eV, corresponding to Co 2p1/2

and Co 2p3/2, respectively (Figure 4 c). Moreover, there are two
weak satellite peaks besides the main peaks, all confirming the
formation of Co3O4 phase.[27] The deconvolution of Co 2p3/2

Figure 3. (a) Raman spectra of CNTs, GNRs and N-GNRs. (b) XRD patterns of
CNTs, GONRs, GNRs and N-GNR/Co3O4 hybrid.

Figure 4. (a) Survey XPS spectra of N-GNR/Co3O4 hybrid. High resolution
(b) N 1s spectrum and (c) Co 2p3/2 spectrum.
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shows two main peaks at 779.8 eV and 781.2 eV, respectively
corresponding to Co3 + and Co2 + species, with a weak satellite
peak at around 786.0 eV.[28, 29] The higher Co2 + content indi-
cates that Co3 + is partly reduced in the N-GNR/Co3O4, which
may be due to a strong covalent interaction between Co3O4

and N-GNR.[29, 30] Nitrogen sites have been proved to be an-
choring sites for Co3O4 nanoparticles through the formation of
C�O�Co and C�N�Co bonds at the oxide/carbon interface by
X-ray absorption near edge structure (XANES) and DFT calcula-
tions in previous works, and the C�O�Co and C�N�Co bonds
likely play an important role in improving the electrocatalytic
activity.[7, 29, 31–33]

Electrochemical tests of ORR performance

The ORR performance of different samples is investigated by
cyclic voltammetry (CV) and linear sweep voltammetry (LSV) in
O2 saturated 0.1 m KOH electrolyte solution (Figure 5). All the
samples show well-defined cathodic redox peaks that corre-
spond to the O2 reduction process in electrolyte solution. As is
well-known, more positive peak potential and larger peak cur-
rent density mean better ORR performance. As shown in Fig-
ure 5 a, the reduction peak of N-GNRs is located at 0.78 V,
which is more positive than that of GNRs (0.71 V). This result
indicates that the doping of nitrogen could significantly im-
prove the electrocatalytic activity of GNRs, which is consistent
with previous reports.[15, 18, 23, 34] Further introduction of Co3O4

nanoparticles leads to a much higher peak potential (0.86 V)
and larger peak current density. The significant improvement
stems from the efficient coordination between Co3O4 and N-
GNR, since the C�O�Co and C�N�Co bonds have been proved

to be ORR active centers.[7, 29, 35, 36] Furthermore, N-GNR/Co3O4

hybrid shows superior ORR activity to N-CNT/Co3O4 and N-
rGO/Co3O4 hybrids in terms of more positive onset potential
and larger current density, indicating the important role of
GNRs in the synergistic reinforcement of electrochemical activi-
ty (Figure 5 b). Specifically, abundant active edges of GNRs pro-
vide numerous anchoring sites for growth of metal oxide and
nitrogen doping, thus resulting in a larger surface area and
greatly increased active sites in the hybrids. As shown in Fig-
ure S4, the BET surface area of N-GNR/Co3O4, N-rGO/Co3O4 and
N-CNT/Co3O4 are 105.5, 81.8 and 69.4 m2 g�1, respectively. Addi-
tionally, the high edge-to-plane ratio of GNR sheets could in-
crease the accessibility of N atoms doping into the graphene
edges to form more pyridinic N (28 at %) and pyrrolic N
(64 at %) in N-GNR/Co3O4, which have been previously reported
to be more active ORR sites than graphitic N. In addition, GNRs
interconnected with each other to form a conductive network,
thus facilitating the fast electron transfer within the N-GNRs/
Co3O4.

To optimize the performance of N-GNR/Co3O4 hybrids, the
dosages of Co(CH3COO)2·4 H2O are set as 0.1, 0.2, 0.3 and
0.4 mmol, and the corresponding hybrids are denoted as N-
GNR/0.1 Co3O4, N-GNR/0.2 Co3O4, N-GNR/0.3 Co3O4 and N-GNR/
0.4 Co3O4, respectively. Figure 5 c reveals that different samples
exhibit almost the same peak potential while the peak current
density shows a volcanic change trend, suggesting the
number of active centers varies with different loading contents
of Co3O4 in N-GNR/Co3O4 hybrids, which further affects electro-
catalytic activity. LSV curves in Figure 5 d corresponds well with
the CV results, with N-GNR/0.2 Co3O4 showing the largest cur-
rent density. The reason can be inferred from Figure S2; the

Figure 5. (a, c) CV curves and (b, d) LSV curves of different samples in O2-saturated 0.1 m KOH solution at 1600 rpm.
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high content of Co3O4 will cause aggregation and hinder some
ORR active centers. Since N-GNR/0.2 Co3O4 shows the largest
current density among the hybrid samples, the following ORR
performance tests are conducted on this sample. The content
of Co3O4 in this hybrid was calculated to be 55.8 wt % from
TGA results (Figure S5).

The LSV measurements were performed in O2-saturated
0.1 m KOH at a scan rate of 5 mV s�1 to further evaluate the
electrocatalytic activity and kinetics of the catalysts. Figure 6 a
shows a series of LSV curves of N-GNR/0.2 Co3O4 hybrid ob-
tained on a rotating disk electrode (RDE) at rotating rates rang-
ing from 400 rpm to 2025 rpm. The oxygen reduction current
density increases with the increase of rotation rate due to en-
hanced mass transportation and shortened diffusion dis-
tance.[37, 38] The Koutecky–Levich (K–L) equation is utilized to
analyze the kinetic parameters (Figure 6 b). The good linearity
of the K-L plots and nearly parallelism of the fitting lines indi-
cate that the ORR process catalyzed by N-GNR/0.2 Co3O4

hybrid obeys the first-order reaction kinetics with regard to the
concentration of dissolved oxygen and similar electron transfer
numbers (n) at various potentials.[7, 39] The electron transfer
number of N-GNR/0.2 Co3O4 hybrid was calculated to be 3.96
from the K-L plots from 0.3 V to 0.7 V, indicating a predominant
complete 4 e� reduction process. Rotating ring-disk electrode
(RRDE) measurements were further performed to monitor the
formation of peroxide species (HO2

�) during the ORR process
to verify the ORR catalytic pathways of N-GNR/Co3O4 (Fig-
ure 6 c). The measured HO2

� yields are below �8 % over the
potential range of 0.2–0.80 V, giving an electron transfer
number of �3.9 (Figure 6 d). This is consistent with the result
obtained from the Koutecky–Levich plots based on RDE meas-
urements, suggesting the ORR catalyzed by our hybrids is
mainly by 4 e� reduction.

Figure 6 e represents the LSV curves of GNRs, N-GNRs, N-
GNR/0.2 Co3O4 and commercial Pt/C catalysts in O2-saturated
0.1 m KOH at a rotating rate of 1600 rpm. The onset potential

Figure 6. (a) RDE voltammograms of N-GNR/0.2 Co3O4 hybrid in O2 saturated 0.1 m KOH at rotation rates from 400 rpm to 2025 rpm. (b) K-L plots of the N-
GNR/0.2 Co3O4 hybrid. (c) RRDE measurements showing peroxide yield at a rotation rate of 1600 rpm. (d) Number of electrons per oxygen molecule trans-
ferred during ORR. (e) RDE voltammograms of different samples in O2-saturated 0.1 m KOH at rotation rate of 1600 rpm. (f) Electron transfer number and kinet-
ic current density of different hybrids.
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of N-GNRs (0.89 V) is much higher than that of GNRs (0.83 V),
while the kinetic-limiting current density only shows slight im-
provement, which is probably due to the configuration of
doped nitrogen in the GNRs. As reported previously, pyridinic
N and pyrrolic N, both of which are located at graphitic edges,
mainly affect the onset-potential rather than the current densi-
ty.[18, 40] The abundant edges in GNRs may increase the amounts
of these N atoms, so N-GNRs show an obvious improvement in
onset potential rather than current density. As for N-GNR/0.2
Co3O4, this hybrid has a comparable onset potential and slight-
ly larger current density than Pt/C catalyst. The electron trans-
fer number and kinetic-limiting current density of different
samples are calculated from Figure S6, Figure S7 and Fig-
ure 6 b, among which N-GNR/0.2 Co3O4 shows the largest cur-
rent density of 21.3 mA cm�2 (Figure 6 f).

Long-term stability is another important property for ORR
catalysts, which is what the commercial Pt/C catalyst lacks. The
durability of the N-GNR/0.2 Co3O4 is tested by chronoampero-
metric measurement under a constant potential of 0.6 V in O2-
saturated 0.1 m KOH at an electrode rotation rate of 1600 rpm.
As shown in Figure 7 a, the N-GNR/0.2 Co3O4 exhibits an excel-
lent durability with an almost 95 % retention of current density
after continuously working for 40 000 s. For comparison, Pt/C
tested under the same conditions shows a 35 % decrease. The
excellent long-term stability of N-GNR/Co3O4 hybrid stems
from the carbon supporting materials that could help anchor
Co3O4 nanoparticles, thus suppressing the dissolution of active
sites. The TEM images of N-GNR/Co3O4 hybrid after long-term
stability tests (Figure S8) show the structure of N-GNR/0.2

Co3O4 remains almost the same as before the cycling test,
except the size of Co3O4 nanoparticles increased slightly. No
obvious agglomeration of GNR or Co3O4 nanoparticles could
be observed from the TEM images.

Some fuel molecules may penetrate through electrolyte
membrane and react with cathode ORR catalysts thus deterio-
rating the efficiency of fuel cells in practical applications, which
is the so-called fuel crossover effect. The resistance to metha-
nol of N-GNR/0.2 Co3O4 is evaluated by recording the current-
time chronoamperometry when methanol is introduced during
the ORR process (Figure 7 b). The current of Pt/C changes in-
stantaneously while the current of N-GNR/0.2 Co3O4 remains
almost the same upon the addition of methanol. Furthermore,
the CVs of N-GNR/0.2 Co3O4 overlap well before and after the
introduction of methanol, revealing the excellent tolerance to
methanol crossover effects for N-GNR/Co3O4 hybrid (Figure 7 c).
In contrast, Pt/C catalyst completely lost its ORR activity (Fig-
ure 7 d). All these results confirm that the N-GNR/Co3O4 hybrid
could be a promising alternative for commercial Pt/C catalyst.

Conclusions

In summary, a simple one-step hydrothermal method is devel-
oped to fabricate nitrogen-doped graphene nanoribbon/Co3O4

nanoparticle hybrids, during which the NH4OH not only reacts
with Co2+ to form the intermediate of Co3O4, but also serves
as a nitrogen source for the N-doping. GONRs provide abun-
dant edges for N-atom doping into the edges of graphitic
carbon to form efficient N sites for ORR, as well as plentiful an-

Figure 7. Chronoamperometric responses of N-GNR/Co3O4 hybrid and Pt/C catalyst at �0.4 V (vs. Ag/AgCl) (a) in O2 saturated 0.1 m KOH electrolyte, and
(b) with the quick injection of methanol with a rotation rate of 1600 rpm. CV curves of (c) N-GNR/Co3O4 and (d) Pt/C hybrid before and after the addition of
methanol.
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choring sites for metal oxides. In the final N-GNR/Co3O4 hybrid
products, the interconnected GNR sheets could form electron-
transfer pathways and increase the conductivity, and the inti-
mate interplay between N-GNRs and Co3O4 nanoparticles im-
parts the hybrids impressive ORR catalytic performance. In ad-
dition, the N-GNR/Co3O4 hybrids also show excellent long-term
stability and resistance to methanol crossover effects. This
work provides a new strategy for developing GNRs-based ORR
catalysts.

Experimental Section

Materials

Multi-walled carbon nanotubes (MWCNTs, 95 %, 20–50 nm in diam-
eter; �20 mm in length, produced by the CVD method) were ob-
tained from Chengdu Organic Chemicals Co. Ltd. 98 % H2SO4, 30 %
H2O2, 37 % HCl, 25 % NH4OH, 85 % H3PO4, N,N-dimethylformamide
(DMF), KMnO4, cobalt acetate (Co(CH3COO)2·4 H2O) were supplied
by Sinopharm Chemical Reagent Co. Ltd and used without any fur-
ther treatment. Commercial Pt/C catalyst (Platinum, 20 wt % on
carbon black) was purchased from Alfa Aesar.

Preparation of graphene oxide nanoribbons (GONRs)

GONRs were prepared according to literature procedures.[19, 21]

Briefly, 150 mg of pristine MWCNTs were mixed with 36 mL of 98 %
H2SO4 in a flask and stirred for 60 min to form a uniform suspen-
sion. Then, 4 mL of 85 % H3PO4 was poured into the mixture and
stirred for another 30 min. After that, 750 mg of KMnO4 was gradu-
ally added into the dispersion under continuous stirring for 60 min.
The mixture was then heated at 70 8C for 120 min followed by nat-
urally cooling to room temperature. The reaction mixture was
poured into 300 mL ice-water containing 10 mL 30 % H2O2 and al-
lowed to coagulate for 24 h. The top portion was decanted from
the solid. The remaining portion was collected and washed with
5 % HCl for 3 times and then dialyzed for a week until the pH was
close to 7. The dispersion was vacuum-dried to obtain the GONR
solid products. GONR aqueous dispersion (1 mg mL�1) was pre-
pared by sonicating 100 mg GONR solids in 100 mL DI water for
5 min and then gently stirring for 30 min.

Preparation of N-GNR/Co3O4 hybrids

N-GNR/Co3O4 hybrids were synthesized by a simple one-step hy-
drothermal reaction. Typically, certain amount of
Co(CH3COO)2·4 H2O was dissolved in 2 mL DI water and then added
into 20 mL 1 mg mL�1 GONR suspension dropwise. After stirring for
30 min, 4 mL 25 % NH4OH was slowly added into the mixture
under vigorous stirring and allowed to stir for another 10 min
before a hydrothermal process at 180 8C for 3 h. The black precipi-
tate was collected by centrifugation and subsequently washed
with DI water and ethanol for three times and dried at 60 8C for
12 h. The obtained products were denoted as N-GNR/0.1 Co3O4, N-
GNR/0.2 Co3O4, N-GNR/0.3 Co3O4 and N-GNR/0.4 Co3O4 hybrids
when the added amount of Co(CH3COO)2·4 H2O was 0.1, 0.2, 0.3
and 0.4 mmol, respectively. For comparison, N-GNRs and GNRs
were also prepared under the same conditions in the absence of
Co(CH3COO)2·4 H2O or both Co(CH3COO)2·4 H2O and NH4OH. And N-
CNT/Co3O4 and N-rGO/Co3O4 hybrids were also prepared according
to N-GNR/0.2 Co3O4 by substituting GONRs with CNTs or GO (gra-
phene oxide).

Characterization

X-ray diffraction (XRD) measurements were carried out using a PAN-
alytical X’pert PRO XRD with CuKa radiation (operating voltage,
40 kV; cathode current, 40 mA; l= 0.1542 nm; scan rate, 58min�1).
Raman spectra were obtained on a LabRam-1B French Dilor Com
(l= 532 nm). Transmission electron microscopy (TEM) observation
was conducted on a Tecnai G2 F20 S-TWIN TEM instrument under
an accelerating voltage of 200 kV. Field emission scanning electron
microscopy (FESEM) was performed by a Zeiss Ultra 55 FESEM in-
strument at an accelerating voltage of 5 kV. X-ray photoelectron
spectroscopy (XPS) spectra were collected by a VG ESCALAB 220I-
XL device. Thermo-gravimetric analysis (Mettler Toledo TGA1) was
carried out with a heating rate of 10 8C min�1 from 100 8C to 600 8C
in N2 for CNTs, GONRs and in air for N-GNR/0.2 Co3O4 hybrid. The
specific surface area of N-CNT/Co3O4, N-rGO/Co3O4 and N-GNR/
Co3O4 were characterized with a belsorp-max surface area detect-
ing instrument (Tristar3000) by N2 physisorption at 77 K.

Electrochemical measurements

All electrochemical measurements were carried out in a convention-
al three-electrode cell on a CHI 660D electrochemical workstation
(Shanghai Chenhua Equipments, China) equipped with a rotating
electrode setup (616 A, Princeton Applied Research). To prepare
a homogenous catalyst ink, 4 mg of catalyst was first dispersed in
1 mL of mixed solvent of DI water-DMF (v/v = 1/1) with 10 mL
Nafion (5 wt %) under sonication. To prepare the working elec-
trode, 5 mL and 10 mL of above suspension was deposited onto
polished glassy carbon electrode (GCE, d = 3 mm, Shanghai Chen-
hua Equipments, China) and glassy carbon rotating-disk electrode
(RDE, d = 5 mm, 616 A, Princeton Applied Research) respectively,
followed by drying at room temperature. The electrochemical tests
were conducted in O2 (or N2)-saturated 0.1 m KOH aqueous solu-
tion at room temperature by using Ag/AgCl (3 m) as reference elec-
trode, Pt wire as counter electrode. All the potential was referred
to a reversible hydrogen electrode (RHE), ERHE = EAg/AgCl + 0.222 V +
0.059 pH. The scan rate was 5 mV s�1 for cyclic voltammetry (CV)
measurements. All data were recorded after the shapes of CV
curves were stable in N2-saturated 0.1 m KOH. Linear sweep voltam-
metry (LSV) measurements were carried out at different rotating
speed from 400 rpm to 2025 rpm in O2 saturated 0.1 m KOH solu-
tion at a scan rate of 5 mV s�1. The kinetic parameters like electron
transfer number (n) and kinetic-limiting current density were calcu-
lated according to Koutecky–Levich (K-L) equation:

1
J
¼ 1

Jk
þ 1

Jl
¼ 1

Jk
þ 1

Bw0:5 ð1Þ

B ¼ 0:2nF D0ð Þ2=3n�1=6C0 ð2Þ

where J is the measured current density, Jk is the kinetic-limiting
current density, Jl is the diffusion-limiting current density, w is the
electrode rotation rate (rpm), n is the electron transfer number in
ORR, F is the Faraday constant (96 485 C mol�1), D0 is the diffusion
coefficient of O2 in 0.1 m KOH solution (1.9 � 10�5 cm2 s�1), C0 is the
bulk concentration of O2 (1.2 � 10�6 mol cm�3), and n is the velocity
of the electrolyte (0.01 cm2 s�1). The constant 0.2 is used when the
rotation rate is expressed in rpm.

For the rotating ring-disk electrode (RRDE) measurements, catalyst
inks and electrode were prepared by the same method as RDE’s
on a ring-disk electrode (RRDE-3 A, BAS Inc.). The disk electrode
was scanned cathodically at 5 mV s�1 and the ring potential was
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constant at 1.25 V versus RHE. The yields of HO2
� and the electron

transfer number (n) were determined by the followed equations:

%HO�2 ¼ 200�
Ir=N

Id þ Ir=N

ð3Þ

n ¼ 4� Id

Id þ Ir=N
ð4Þ

where Id is the disk current, Ir is the ring current and N is current
collection efficiency (0.4) of the Pt ring.[7]
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In Situ Growth of Co3O4 Nanoparticles
on Interconnected Nitrogen-Doped
Graphene Nanoribbons as Efficient
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Fuel cell catalysts : A facile, nontoxic
one-step hydrothermal method is devel-
oped to prepare N-GNR/Co3O4

(GNR = graphene nanoribbon) hybrids,
which exhibit a comparable oxygen re-
duction reaction (ORR) onset potential
and larger current density compared to

commercial Pt/C catalysts with long
term stability and excellent tolerance to
methanol crossover effects. This work
presents a low-cost and sustainable
route to prepare efficient noble-metal-
free ORR electrocatalysts.

ChemNanoMat 2016, 00, 0 – 0 www.chemnanomat.org � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim9 &&

These are not the final page numbers! ��

Full Paper

http://www.chemnanomat.org

