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One-pot synthesis of a mesoporous NiCo2O4

nanoplatelet and graphene hybrid and its oxygen
reduction and evolution activities as an efficient
bi-functional electrocatalyst†

Dong Un Lee, Bae Jung Kim and Zhongwei Chen*

Mesoporous NiCo2O4 nanoplatelets and graphene sheets (NiCo2O4–G) are combined as a hybrid material

via a one-pot synthesis process to demonstrate excellent bi-functional catalytic activity towards both the

oxygen reduction reaction (ORR) and oxygen evolution reaction (OER). Physical characterizations have

confirmed the formation of NiCo2O4 nanoplatelets created by selective adsorption of PVP onto specific

crystal orientations, which provides spatial confinement for an anisotropic growth into 2-dimensional

nanostructures. In addition, the decomposition of surface adsorbed PVP during the calcination process

creates uniformly distributed meso-sized pores in the NiCo2O4 nanoplatelets. The beneficial hybrid and

PVP effects are investigated via half-cell testing with NiCo2O4–G in comparison to graphene-free

NiCo2O4 and PVP-free NiCo2O4–G, respectively, where much lower activation energy and higher current

densities are observed with the mesoporous NiCo2O4–G hybrid for both ORR and OER. Furthermore, the

positive impact of Ni incorporation was exclusively demonstrated, whereby NiCo2O4–G outperformed

Co3O4–G in terms of onset potential and current densities for both ORR and OER. This is attributed to

the increased electrical conductivity and the creation of new active sites with much lower activation

energy due to the incorporation of Ni cations into the octahedral sites of the spinel crystal structure.

This cost effective and highly efficient bi-functional catalyst is highly suitable for rechargeable metal–air

battery technologies.
Introduction

With the depletion of natural sources of energy and the use of
fossil fuels having a negative impact on the environment, the
demands for clean and sustainable energy have continued to
increase. To fulll these energy requirements, new technologies
for energy storage and generation have been developed. As one
of the most promising electrochemical energy storage device,
rechargeable metal–air batteries have received much attention
due to their many advantages. For instance, lithium–air and
zinc–air batteries have extremely high practical energy densities
of 1700 and 350 W h kg�1, respectively, and are lightweight and
cost effective as they operate on environmentally abundant
oxygen from the air.1–3 These advantages of metal–air batteries
are highly suitable for implementation in electrical vehicle (EV)
and hybrid electrical vehicle (HEV) applications to extend the
driving range and replace currently used lithium ion batteries,
oo Institute for Nanotechnology, Waterloo

of Waterloo, Waterloo, ON, Canada N2L

+1-519-746-4979; Tel: +1-519-888-4567

ESI) available: XPS spectra of NiCo2O4

02a

54–4762
which provide insufficient storage capacity and require expen-
sive intercalating materials.1,4,5 However, metal–air batteries
face a set of challenges such as poor rate capability and cycle
life.6,7 These technological hurdles mainly stem from inherently
sluggish kinetics of the oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER), which are the two vital reac-
tions that govern the discharge and charge, respectively, of a
metal–air battery.8–10 In attempts to improve the kinetics of ORR
and OER characteristics, carbon-supported electrocatalysts
such as Pt, Pd, and its alloys have been used to increase the rate
of the reactions.3,11–14 However, cost considerations of precious
metal based catalysts and their poor electrochemical stability
over long periods of operation have impeded their commer-
cialization.15,16 In order to replace these expensive and unstable
catalysts, numerous non-precious metal catalysts such as Fe-
based materials and metal-free carbon-based catalysts such as
nitrogen doped graphene have been developed in recent
years.17–20 Amongst these non-precious catalysts are transition
metal-based oxide materials in the form of spinel and perov-
skite structures which have long been known to be electro-
catalytically active.21–23

One of the well-known spinel electrocatalysts is Co3O4

and it has been studied for decades as a highly efficient and
This journal is ª The Royal Society of Chemistry 2013
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corrosion-stable ORR and OER catalyst in alkalinemedia.24–27 To
improve the electrochemical activity of Co3O4 electrocatalysts,
researchers have incorporated Ni atoms into the spinel struc-
ture to form NiCo2O4, which enhanced electrical conductivity of
the metal oxide and increased the number of catalytically active
sites.28,29 In addition, nanostructured NiCo2O4, specically
nanowires, have been studied extensively to investigate the
morphological effect on its electrochemical activity.28–32

However, to the best of our knowledge, there has not been any
report on 2-dimensional mesoporous NiCo2O4 nanoplatelets as
an electrocatalyst. Furthermore, there is no report on the
combination of spinel NiCo2O4 nanostructures with carbon-
based materials to improve the electrochemical properties of
the metal oxide electrocatalyst. Graphene, with its intriguing
properties such as large surface area, high electrical conduc-
tivity, and thermal and chemical stability,33–36 has been reported
as an excellent support material as well as an active and stable
electrocatalyst.37–39 For instance, extensive studies of graphene
sheets have been reported as a support material for precious
metal catalysts such as Pt, which demonstrated excellent elec-
trochemical activity and stability.40,41 Also, graphene sheets as a
metal-free catalyst have been shown to demonstrate an excellent
performance in a hybrid electrolyte lithium–air battery.42 We
speculate that by combining a transition metal oxide catalyst
with a carbon-based support via a one-pot synthesis method as
opposed to simple physical mixing will lead to a strong hybrid
effect with catalytic contributions from both of their unique
properties.

Therefore, we report a novel hybrid material composed of
mesoporous NiCo2O4 nanoplatelets and graphene (NiCo2O4–G)
as an active bi-functional electrocatalyst for both ORR and
OER. This hybrid material is synthesized via a one-pot method
where the precursors of the metal-oxide (Ni and Co) and gra-
phene sheets are mixed into a single reaction to produce the
nal material. The one-pot synthesis utilizes facile methods
based on the precipitation reaction and hydrothermal process,
which are very simple, cost effective, and highly efficient for
producing large quantities of material. The evaluation of
electrochemical activities of the hybrid towards ORR and OER
is conducted by employing half-cell testing. We investigate the
hybrid effect of combining NiCo2O4 nanoplatelets with gra-
phene sheets by comparing its performance to that of NiCo2O4

itself without graphene sheets. The importance of PVP on the
electrocatalytic activity is investigated by comparing the
performance of NiCo2O4–G to that of a hybrid created without
the addition of PVP during synthesis—a capping agent that is
responsible for controlling the morphology of NiCo2O4 nano-
structures. We also demonstrate the advantages of incorpo-
rating an Ni atom into the spinel crystal structure by
comparing the electrocatalytic activities of the hybrid with
those of Co3O4–G.
Experimental methods
Graphene oxide (GO) synthesis

GO is synthesized from natural graphite akes by the modied
Hummers' method.43 In a typical GO preparation, 2 g of
This journal is ª The Royal Society of Chemistry 2013
graphite powder (Alfa Aesar) is stirred in 46 mL of concentrated
sulphuric acid (Fisher Scientic) for 10 hours. The mixture is
put into an ice bath and 1 g of sodium nitrate (Aldrich) is added
followed by the addition of 6 g of potassium permanganate
(EMD) under stirring. The mixture is removed from the ice bath
and stirred for 1 hour. Then 92 mL of distilled de-ionized (DDI)
water is added drop-wise and stirred for another 30 minutes
followed by the addition of 280 mL of warm DDI water (40 �C)
and 40 mL of 30% H2O2 (Fisher Scientic). The mixture is
ltered and washed with 3 L of 5% HCl solution, and then
centrifuged ve times at 4000 rpm for 10 min. The product is
collected and dried at room temperature.
One-pot synthesis of a mesoporous NiCo2O4 nanoplatelet and
graphene hybrid

The one-pot synthesis of a mesoporous NiCo2O4–G hybrid is
carried out by concurrent precipitation and hydrothermal
reactions. In a typical synthesis, 1.65 g of polyvinylpyrrolidone
(PVP) with a molecular weight of 24 000 is dissolved in a 10 mL
mixture of double deionized (DDI) water and ethanol with a
1 : 1 volume ratio. Then, 0.419 g and 0.833 g of Ni(NO3)2$6H2O
and Co(NO3)2$6H2O, respectively, were dissolved in the PVP
solution, and magnetically stirred for 30 minutes with the
mixture bubbled with N2. Next, 0.213 mL of a 1.0 M NaOH
aqueous solution was added dropwise at a rate of 0.56 mL
min�1 to induce a precipitation reaction, followed by the
addition of 100 mg of GO. Then, 6 mL of NH4OH is added and
stirred vigorously for 30 minutes. The suspension was then
transferred to a Teon-lined autoclave, sealed and then heated
at 120 �C for 6 hours. The autoclave is naturally cooled to room
temperature, then the precipitate is collected and centrifuged
three times with DDI and another 3 times with acetone at 5000
rpm to remove any impurities and excess PVP. The obtained
black slurry is freeze dried for 24 hours, turning into a ne
powder, which is calcined in air at 300 �C for 3 hours to obtain
the nal product.
Material characterization

Scanning electron microscopy (SEM) (LEO FESEM 1530) and
transmission electron microscopy (TEM) (Philips CM300) were
utilized to observe the morphology and surface structure. High-
resolution TEM (HR-TEM), fast Fourier transformation (FFT)
patterns, and selected area electron diffraction (SAED) patterns
were used to study the crystallinity of the spinel nanoplatelets in
the NiCo2O4–G hybrid. The nitrogen adsorption–desorption
isotherm was obtained by Brunauer–Emmett–Teller (BET) using
a Micromeritics ASAP 2020 surface area and porosity analyzer.
The pore size distributions were evaluated by using the Barrett–
Joyner–Halenda (BJH) model. X-ray diffraction (XRD) (Brunker
AXS D8 Advance) was used to verify the spinel crystal structure
of nanoplatelets in the NiCo2O4–G hybrid, and X-ray photo-
electron spectroscopy (XPS) (Thermal Scientic K-Alpha XPS
spectrometer) was conducted to identify the atomic composi-
tion of the hybrid and to elucidate the electronic congurations
of Ni and Co cations in the spinel structure.
J. Mater. Chem. A, 2013, 1, 4754–4762 | 4755
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Three-electrode half-cell test

The electrochemical activities of the materials developed in the
present work were tested in an aqueous electrolyte (0.1 M KOH)
using a standard three-electrode electrochemical cell via
rotating disk electrode (RDE) voltammetry for ORR and cyclic
voltammetry (CV) for OER. The setup for RDE and CV consists of
a potentiostat (Pine Instrument Co., AFCBP-1) and a rotation
speed controller (Pine Instrument Co., AFMSRCE). All electro-
chemical testing was performed at room temperature using a
Saturated Calomel Electrode (SCE) as a reference electrode. A
platinum wire was used as the counter electrode. A glassy
carbon electrode (5 mm OD) coated with 20 mL of 4 mg mL�1

suspension made by mixing NiCo2O4–G and a solution of 0.5
wt% Naon in ethanol was used as the working electrode. The
same preparation of the working electrode was used for all other
comparison materials. ORR curves were recorded from �1.0 to
0.2 V at a scan rate of 10 mV s�1 with an O2-saturated electrolyte
under various electrode rotation speeds (100, 400, 900, and 1600
rpm). The ORR polarization curves were background corrected
by subtracting the currents obtained under the same testing
conditions in an N2-saturated electrolyte. The OER curves were
Fig. 1 (a) SEM image of uncalcined NiCo2O4–G prior to the formation of mesopore
the nanoplatelets. (c) TEM image of NiCo2O4–G uniformly distributed mesopores. Ins
image of the (111) crystal plane of spinel NiCo2O4 nanoplatelets. Inset, the SAED p

4756 | J. Mater. Chem. A, 2013, 1, 4754–4762
recorded from 0 to 1.0 V at a scan rate of 50 mV s�1 with a N2-
saturated electrolyte with a rotation speed of 900 rpm in order to
spin off the oxygen evolved during voltammetry testing.
Results and discussion

The structure and surface morphology of the mesoporous
NiCo2O4–G hybrid formed by a one-pot synthesis method are
characterized using SEM. During synthesis, PVP plays two
important roles in controlling the nal morphology of the
hybrid. First, PVP is well-known to coordinate to the surface of
metal ions such as cobalt ions through –N and/or C]O groups
of the pyrrolidone ring.44 Hence, PVP acts as a capping agent in
a mix of H2O and ethanol solution by selectively adsorbing onto
specic crystallographic planes to provide spatial connements
for anisotropic growth of NiCo2O4 into 2-dimensional nano-
platelets45,46 (Fig. 1a). Second, the surface adsorbed PVP
decomposes upon the calcination process in air at 300 �C for 3 h
to leave behind meso-sized pores in the nanoplatelets (Fig. 1b).
A detailed inspection of the nanoplatelets using TEM clearly
shows well-distributed mesopores in the nanoplatelets with a
s on the nanoplatelets. (b) SEM image of calcined NiCo2O4–G with mesopores on
et, the FFT pattern of cubic spinel NiCo2O4 nanoplatelets in the hybrid. (d) HR-TEM
attern of spinel NiCo2O4 nanoplatelets in the hybrid.

This journal is ª The Royal Society of Chemistry 2013
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variety of sizes and shapes (Fig. 1c). This unique porous struc-
ture is likely to create more active sites with increased surface
area and facilitates in the transport of reactant species during
electrocatalysis. NiCo2O4 nanoplatelets exhibit a highly crys-
talline structure as conrmed by distinct diffraction dots
observed in the FFT pattern (Fig. 1c, inset). Further analyzing
the FFT pattern has revealed characteristic crystallographic
orientations of (111), (220), and (311) for the spinel NiCo2O4. In
addition, calculation of the d-spacing using the fringes observed
in the HR-TEM image of the nanoplatelets has resulted in
0.46 nm (Fig. 1d), which very closely match with the theoretical
d-spacing for the (111) orientation of a cubic spinel of NiCo2O4

(0.46 nm) [JCPDS: 20-0781]. The high crystallinity of the nano-
platelets has also been conrmed by SAED, which shows a clear
diffraction pattern for various crystallographic planes of the
spinel (Fig. 1d, inset).

The BET characterization has been carried out to conrm the
mesoporous nature of NiCo2O4–G. The nitrogen adsorption–
desorption curves demonstrate a Type IV isotherm, and a distinct
hysteresis loop in the P/Po range of 0.6 to 1.0 (Fig. 2a), which are
strong indications of capillary condensation and multilayer
adsorption, hence the presence of mesopores. The BET specic
surface area is found to be 77 m2 g�1, higher than that of the
previously reported graphene–nickel cobaltite nanocomposite.47
Fig. 2 (a) Nitrogen adsorption–desorption isotherm loop and pore size distri-
bution curve calculated by the BJH model of NiCo2O4–G.

This journal is ª The Royal Society of Chemistry 2013
The higher specic surface area enhances the exposure of active
sites available for reaction on the surface. The outstanding
electrocatalytic activity of NiCo2O4–G is most likely ascribed to
this increased number of active sites as both ORR and OER are
surface reactions. The pore size distribution calculated by the
BJH model shows a predominant peak in the meso-scale of 5 to
15 nm with an average pore diameter of 11.8 nm (Fig. 2b),
consistent with pore sizes observed by HR-TEM analysis (Fig. 1c).
The broad pore distribution in the range of 15 to 100 nm is
probably due to the interlayer spacings formed between nano-
platelets and graphene sheets. Hence, it can be concluded from
the isotherm and the pore size distribution that NiCo2O4–G
consists ofmesopores which enhance the electrocatalytic activity
by increasing the surface exposure of the active sites.

The crystal structure of NiCo2O4–G is further investigated by
XRD (Fig. 3), and the characteristic peaks are well indexed to
those of spinel NiCo2O4 [JCPDS: 20-0781]. The XRD pattern of
NiCo2O4–G compared to that of Co3O4–G, which is synthesized
using the same procedure but the Co metal precursor replacing
that of Ni, also demonstrates spinel crystallinity. However, the
peaks are relatively broad in the case of NiCo2O4–G, which is
indicative of smaller crystallites formed due to the change in the
structure with the addition of Ni atoms into the spinels of Co3O4.
The d-spacing of each crystal orientation observed in the XRD
pattern is calculated based on the diffraction angle using Bragg's
law, and they match closely with those calculated with the SAED
pattern from the TEM characterization (Table 1), signifying a
successful synthesis of NiCo2O4 spinels. Additionally, using the
d-spacing of the (400) plane, the lattice parameter (a0) of the
cubic spinel structure is determined to be 0.803 nm. This is
slightly larger than 0.801 nm of Co3O4–G, which is consistent
with the literature where the incorporation of Ni into the Co3O4

spinel is known to expand the elementary spinel lattice.48,49
Fig. 3 XRD patterns of the spinel crystal structure in NiCo2O4–G and Co3O4–G
hybrids.

J. Mater. Chem. A, 2013, 1, 4754–4762 | 4757
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Table 1 Calculated values of d-spacing for each crystal orientation observed in
the SAED pattern obtained from TEM and diffraction angles obtained from XRD
of NiCo2O4–G

Crystal
orientation

TEM XRD

Diffraction
radius (nm�1)

d-Spacing
(nm)

2 Theta
(degree)

d-Spacing
(nm)

440 7.00 0.143 65.50 0.142
511 6.91 0.146 59.60 0.155
422 6.02 0.166 56.22 0.163
400 4.90 0.204 45.10 0.201
311 4.06 0.246 37.21 0.241
220 3.53 0.283 31.70 0.282
111 2.18 0.459 19.34 0.458
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The surface elemental compositions and electronic cong-
urations of the atoms in the hybrid are investigated by
employing XPS. As expected, a full survey of NiCo2O4–G revealed
peaks corresponding to the existence of Ni 2p, Co 2p, O 1s, and
C 1s (Fig. 4a). The de-convolution of the Ni 2p peaks shows the
atoms in 2P1/2 and 2P2/3 electronic congurations at 872.78 eV
and 855.38 eV, respectively (Fig. 4b). Similarly, the de-convo-
luted Co 2p shows the electronic conguration of Co atoms in
2P1/2 and 2P2/3 states at 795.28 eV and 779.98 eV, respectively
(Fig. 4c). The binding energies of these peaks are consistent
with the literature and signify the formation of cubic spinel
NiCo2O4. The O 1s shows a large M–O–M peak at 529.48 eV
which is indicative of most of the oxygen in the lattice, with
the other two peaks C]O and O–C]O bonds, at 532.83 and
Fig. 4 (a) Full XPS spectra of the NiCo2O4–G hybrid and graphene-free NiCo2O4.
(b) High-resolution Ni 2p XPS spectra of NiCo2O4–G. (c) High-resolution Co 2p XPS
spectra of NiCo2O4–G. (Note for (b) and (c): the black line is the original signal,
and the red curve is the result of the curve fit. Yellow and cyan peaks correspond
to 2p3/2 and 2p1/2 species, respectively, and pink and blue peaks correspond to
the associated satellite species, after de-convolution.) (d) High-resolution O 1s XPS
spectra of NiCo2O4–G. (The black line is the original signal, and the red curve is the
result of the curve fit. Cyan, blue, and pink peaks correspond to lattice oxygen.
Yellow and cyan peaks correspond to 2p3/2 and 2p1/2 species, respectively, and
pink and navy peaks corresponds to the associated satellite species, after de-
convolution.)

4758 | J. Mater. Chem. A, 2013, 1, 4754–4762
531.15 eV, respectively, which correspond to oxygen groups of
the graphene sheets most likely due to an incomplete reduction
and also due to themoisture adsorbed onto the graphene sheets
under ambient conditions (Fig. 4d). The comparison of XPS
spectra of NiCo2O4 and NiCo2O4–G for the elements Ni, Co, and
C has revealed no shi in the binding energy of the peaks aer
the hybridization of the metal oxide and graphene sheets
(Fig. S1a–c†). However, a positive shi in the binding energy for
the O 1s peak is observed for NiCo2O4–G compared to that of
NiCo2O4 (Fig. S1d†). This is an indication that the hybridization
is probably occurring through the oxygen species of GO, which
has most likely reacted with the metal precursors at the time of
the one-pot synthesis.

The electrochemical characterization of NiCo2O4–G is con-
ducted by performing three-electrode half-cell testing in 0.1 M
KOH. The catalysis of ORR using the NiCo2O4–G hybrid as the
electrocatalyst is studied by RDE voltammetry. As expected, the
polarization curves of the hybrid obtained at various rotation
speeds show a well-dened drop in the current density for
oxygen reduction in the mixed kinetic- and diffusion-limiting
region followed by a plateau at a stable current density in the
diffusion-limited region (Fig. 5a). Using these polarization
curves, several potential points are selected between 0.65 and
0.90 V (vs. SCE) to determine the Koutecky–Levich slope, which
is used to calculate the number of electrons transferred, n,
during the ORR (Fig. 4a, inset). The analysis of the plot has
resulted in n ¼ 3.9 conrming that the ORR catalyzed by the
hybrid occurs in a highly desirable pseudo four-electron
reduction pathway (O2 + 2H2O + 4e� / 4OH�). This excellent
electrochemical activity of the hybrid towards ORR is attributed
to the incorporation of Ni atoms into the spinel structure as
observed by a much enhanced ORR polarization curve of
NiCo2O4–G at a rotation rate of 900 rpm compared to that of
Co3O4–G with the same structure and surface morphology
(Fig. 5b). In terms of the onset potential, the hybrid exhibits a
much higher value of�0.12 V compared to�3.00 V of Co3O4–G.
Furthermore, the half-wave potential (HWP) of the hybrid
demonstrated a much higher value of �0.27 V compared to
�0.41 V of Co3O4–G. These enhancements observed in the onset
potential and HWP are strong indications of highly efficient
active sites of NiCo2O4–G towards ORR. In addition, a signi-
cant increase in the stable current density obtained in the
diffusion-limited region is indicative of increased accessibility
of O2 onto the active sites for enhanced ORR activity, which
could be attributed to the smaller crystallite size of the
NiCo2O4–G hybrid observed from the broad peaks of the XRD
pattern.

This excellent ORR activity of the hybrid is ascribed to the
creation of highly efficient active sites created by Ni cations in
the spinel lattice. Also, previous literature has shown that the
insertion of Ni into the octahedral sites of the spinel increases
the electrical conductivity, which is highly desirable for fast
charge transfer during ORR.29 Even though some spinel metal
oxides are known to exhibit high electrocatalytic activities,50

metal oxides have relatively lower electrical conductivity than
carbon-based materials such as graphene sheets. This may
prevent efficient utilization of active sites of the metal oxide that
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 (a) ORR polarization curves of NiCo2O4–G obtained by RDE voltammetry in O2-saturated 0.1 M KOH at various rotation rates. Inset, the Koutecký–Levich plot of
NiCo2O4–G at potentials�0.65, �0.70, �0.75, �0.80, �0.85, and �0.90 V (vs. SCE). (b) ORR polarization curves of NiCo2O4–G, Co3O4–G, and 20 wt% Pt/C at a rotation
rate of 900 rpm. ORR polarization curves and Tafel plots (inset) of (c) NiCo2O4 and NiCo2O4–G, and (d) NiCo2O4–G-2 and NiCo2O4–G at a rotation rate of 900 rpm.
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are available for electrocatalytic activity. Hence, by combining
NiCo2O4 with graphene sheets into a hybrid, a much enhanced
ORR polarization curve is observed compared to that of gra-
phene-free NiCo2O4 itself (Fig. 5c). Graphene-free NiCo2O4 is
synthesized in the same way as the hybrid but without the
addition of GO during the one-pot synthesis. The polarization
curve of the hybrid clearly shows a signicantly higher (more
negative) limiting current density, which is an indication of an
increased number of active sites for ORR. In the hybrid, gra-
phene sheets most likely facilitate the distribution of the metal
oxide nanoplatelets to prevent agglomeration of particles,
thereby increasing the number of active sites. Furthermore, the
enhancement in the onset potential of the hybrid may be an
indication that the graphene sheets themselves are catalytically
active, which have been reported in the literature as an ORR-
active catalyst,42,51 since the ORR kinetics of NiCo2O4 should be
the same in the case of both the hybrid and the metal oxide
itself. The analysis of the Tafel plot has resulted in amuch lower
slope for the hybrid in the lower overpotential region compared
to the metal oxide itself. This is indicative of enhanced ORR
kinetics with the addition of graphene sheet, which is consis-
tent with the previous observation (Fig. 5c, inset). The PVP effect
This journal is ª The Royal Society of Chemistry 2013
of the nanoplatelets is investigated by comparing the ORR
polarization curve of the NiCo2O4–G hybrid with that of a hybrid
synthesized by the same procedure as NiCo2O4–G but without
the addition of PVP (NiCo2O4–G-2) (Fig. 5d). The observation of
the ORR polarization curve of NiCo2O4–G-2 suggests that the
oxygen reduction proceeds in a two-electron reduction pathway,
which is highly undesirable due to an inefficient catalytic
activity and the formation of peroxide species which may
promote electrocatalyst degradation. The NiCo2O4–G hybrid
exhibits increased (more negative) limiting current density in
the diffusion-limited region most likely due to a higher surface
area from the mesopores in the nanoplatelets, which would be
absent in the case of NiCo2O4–G-2. In addition, improved onset
potential and HWP are observed for NiCo2O4–G with a signi-
cantly lower Tafel slope compared to that of NiCo2O4–G-2
(116 mV per decade) (Fig. 5d, inset). These enhanced ORR
characteristics are ascribed to more efficient active sites created
with the addition of PVP during the synthesis of NiCo2O4–G.

The oxygen evolution activity of the NiCo2O4–G hybrid is
investigated by analyzing CV curves obtained by half-cell
testing. The CV curve of NiCo2O4–G shows the anodic peak at
0.49 V (and its corresponding cathodic peak at 0.28 V), which
J. Mater. Chem. A, 2013, 1, 4754–4762 | 4759
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corresponds to the transition of the redox couple Ni(III)/Ni(IV).
This redox couple is known to be the cation in the octahedral
site of the spinel that is responsible for the catalysis of OER.28,29

This anodic peak is followed by the onset of oxygen evolution
and the dramatic increase in the current density due to the
excellent OER activity of the hybrid. Peaks that correspond to
the redox couple Ni(II)/Ni(III) and Co(II)/Co(III) are not visible in
the CV curve because these cations located in the tetrahedral
sites of the spinel are much more difficult to oxidize or reduce
than those in the octahedral sites.49,52 In order to elucidate the
effect of graphene in the hybrid, the OER activity of the hybrid is
compared to that of NiCo2O4 itself (Fig. 6a). The onset potential
of oxygen evolution is much lower for the hybrid (0.55 V)
compared to that of graphene-free NiCo2O4 (0.62 V), indicative
of much lower activation energy for OER with the addition of
graphene sheets. Furthermore, the hybrid exhibits a much
higher current density at 0.95 V of 35.4 mA cm�2 compared to
only 18.6 mA cm�2 for the graphene-free NiCo2O4. This excel-
lent OER activity of the hybrid is attributed to the high electrical
conductivity provided by graphene sheets which facilitates
charge transfer during the reaction at the surface of the metal
oxide. The investigation of OER kinetics via the Tafel analysis in
the low overpotential region has conrmed a much faster OER
Fig. 6 OER CV curves and Tafel plots (inset) of (a) NiCo2O4 and NiCo2O4–G, and (b
rate of 900 rpm. OER CV curves of NiCo2O4–G, Co3O4–G and 20 wt% Pt/C (c) initia

4760 | J. Mater. Chem. A, 2013, 1, 4754–4762
activity indicated by amuch lower slope of 161mV per decade of
the hybrid compared to 205 mV per decade of the metal-oxide
itself (Fig. 6a, inset). In addition, the effect of adding PVP during
the synthesis is highly benecial for the OER activity of
NiCo2O4–G as a signicantly higher OER current density of
35.4 mA cm�2 is observed at 0.95 V compared to that of only
21.4 mA cm�2 for NiCo2O4–G-2 (Fig. 6b). The analysis of the
Tafel plot of NiCo2O4–G-2 has resulted in an unusually high
Tafel slope of 799 mV per decade, which is indicative of very
slow OER kinetics (Fig. 6b, inset). The enhanced OER perfor-
mance of NiCo2O4–G is again ascribed to more efficient active
sites with much lower energy barrier created with the addition
of PVP during the synthesis of NiCo2O4–G. Furthermore, to
study the effect of the addition of Ni species into the spinel
crystal structure, the OER activity of NiCo2O4–G is compared to
that of Co3O4–G (Fig. 6c). Without the addition of Ni, Co3O4–G is
observed to exhibit a much lower current density of 18.35 mV
cm�2 at 0.95 V compared to that of 36.4 mV cm�2 for NiCo2O4–

G. Similar to the ORR performance, this enhancement in
OER activity is due to the Ni species in the octahedral sites of
the spinel that create active sites for OER with much lower
activation potential compared to that of the Co cation. The
electrochemical durability of the hybrid is evaluated by
) NiCo2O4–G-2 and NiCo2O4–G obtained by N2-saturated 0.1 M KOH at a rotation
l cycle and (d) after 1000 CV cycles.

This journal is ª The Royal Society of Chemistry 2013
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repeating the CV cycle 1000 times (Fig. 6d). Aer cycling, the
current density retention at 0.95 V is 99.6% for the hybrid. The
cobalt oxide hybrid has also exhibited a very stable OER dura-
bility with 98.6% current density retention, however, the
commercial Pt/C has degraded very heavily, resulting in a very
low current density retention of 8.0%. This excellent durability
demonstrated by NiCo2O4–G attributed to the graphene sheets
in the hybrid acting as a support for the electrocatalyst to
provide fast charge transfer and prevent agglomeration of the
nanoplatelets.
Conclusions

In summary, we have synthesized a mesoporous NiCo2O4

nanoplatelet–graphene hybrid as a highly active bi-functional
catalyst for oxygen reduction and oxygen evolution reactions by
a one-pot precipitation reaction and hydrothermal process. The
hybrid effect of NiCo2O4–G on ORR and OER activities
conrmed by RDE and CV measurements, respectively, is
attributed to much faster charge transfer facilitated by gra-
phene sheets as a support material. Also, the addition of PVP
during synthesis is highly benecial for enhanced ORR and
OER activities most likely due to the formation of highly effi-
cient active sites of the nanoplatelets. Finally, the incorporation
of Ni atoms into the spinel lattice is found to signicantly
improve both ORR and OER performances of Co3O4–G. This is
ascribed to the increased electrical conductivity and the crea-
tion of new active sites by Ni incorporation into the octahedral
sites of the spinel crystal structure.
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