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A new hybrid nanostructure of porous cobalt monoxide nanowire @
ultrathin nickel hydroxidenitrate nanoflake is directly synthesized
on a 3D nickel foam by a facile two-step hydrothermal route, which
demonstrates a specific capacitance of 798.3 F g1 at the current
density of 1.67 A g1 and good rate performance when used as
electrode material for supercapacitors. The capacitance loss is less
than 5% after 2000 charge–discharge cycles.
Supercapacitors are playing an important role in hybrid electric
vehicles and industrial equipments.1,2 Consumer demand is driving
research efforts for novel electrode materials with higher energy
storage capability, better rate property and cycling stability. Among
the numerous materials studied so far, transition metal (Mn, Fe, Co,
Ni, Ru, etc.) oxides and hydroxides are good candidates for supercapacitors because of their variety of oxidation states for charge
transfer and high mass densities. Nanotechnology can enhance their
redox kinetics which are usually limited by the physical changes
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during charge/discharge (caused by ion diffusion and electron
transfer), so fabricating nanosized transition metal oxides and
hydroxides is a good way to achieve high specific capacities (SCs) in
experiments.3–8 Ruthenium oxide nanotubes have shown a capacitance as high as 1300 F g1 in an aqueous acidic electrolyte.9
Unfortunately, the expensive nature and toxicity of ruthenium has
limited it from extensive commercialization. Other cost-effective and
nontoxic nanomaterials of MnO2,10 Co3O4,11,12 and Fe3O4,13 when
served as active materials, have also demonstrated improved
performance over bulk materials. Further efforts have been devoted
to compound these metal oxides and hydroxides with conductive
metals,14 graphitic supports,15–17 or conducting polymers.18 Although
better properties have been achieved, the reaction was typically at
a low charge/discharge rate, and the content of these active materials
for supercapacitors was relatively scarce, therefore energy and power
per unit area were to some extent low. Mixed metal oxides19 were
tested recently, but their electrochemical performance was far from
satisfactory, partially because of the lack of well-defined micro-/
nanostructure. Three-dimensional (3D) hybrid nanostructure, with
short ion diffusion path and enlarged surface area, provides more
efficient contact between electrolyte ion and active materials for
Faradaic energy storage,20 thus it is a promising way to build better
electrochemical materials. For example, 3D hybrid nanostructures of
Zn2SnO4 @ MnO221 and ZnO @ MoO322 have significantly enhanced
both the capacitance and durability of supercapacitors.
Herein, we report a novel 3D hybrid structure of porous cobalt
monoxide (CoO) nanowire @ ultrathin nickel hydroxidenitrate
(NiHON) nanoflake directly grown on nickel foam, which has robust
hierarchical porosity and high specific surface area. One significant
difference of this structure from precious mentioned 3D hybrid

Broader context
Supercapacitors are a promising candidate for next-generation energy storage devices as they have large specific capacitance, long
cycling life, and can provide a much higher power density than conventional batteries. The key task is to build high-performance
electrode materials. In this communication, a new integrated hybrid structure with two active nanomaterials is fabricated on a threedimensional (3D) nickel foam substrate. CoO nanowires serve as conductive backbones and the ultrathin nickel-based nanoflakes
further enlarge the contact area with electrolyte. When tested as a supercapacitor anode, this hybrid structure exhibits an excellent
electrochemical stability, good rate performance and a maximum specific capacitance of (798.3 F g1), as a result of a synergic effect
of both active materials as well as the nickel foam.
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nanostructures is that both CoO and NiHON are employed as active
electrode materials on account that they both have relatively high
capacitance.23,24 Besides, CoO with well-defined single-crystalline
nanostructure serves as both the backbone and conductive connection for NiHON, and its porous feature can enlarge the specific
surface area. Ultrathin nanoflake-like NiHON can enlarge the
contact area with electrolyte, enable fast redox reaction, and protect
the inner structure of CoO thus improve the durability. In our work,
nickel foam was selected as a cost-effective substrate because of its
high conductivity and 3D network structure, so it can: (1) reduce the
diffusion resistance of electrolyte; (2) provide ideal electron pathway
even in a very rapid charge/discharge reaction; and (3) load more
active materials per unit electrode area due to its high surface area.
The 3D hybrid electrode material was prepared by a simple twostep hydrothermal process, which can easily scale up. First, the CoO
nanowires were synthesized on nickel foam by a hydrothermal
process as described previously.25 In detail, 0.582 g Co(NO3)2 and
0.6 g urea were dissolved in 50 mL deionized water, the obtained
homogeneous solution was further transferred into Teflon-lined
stainless steel autoclave with a piece of clean nickel foam (10  15 
0.1 mm3, 100 PPI, 330 g m2, Changsha Lyrun Material Co., Ltd.
China) immersed into the reaction solution. After 8 h growth at
95  C, the as-prepared precursors were annealed under a constant
flow of argon (50 sccm) at 450  C for 2 h; Then the nickel foam with
CoO nanowires was immersed into a 0.1 M Ni(NO3)2 aqueous
solution and maintaining at 85  C for 5 h. After cooling to room
temperature, the samples were obtained.
Samples were characterized by scanning electron microscopy
(SEM) (JSM-6700F, 10.0 kV), transmission electron microscopy
(TEM) (JEM-2010FEF, 200 kV) equipped with an energy dispersive
X-ray spectrometry (EDS), powder X-ray diffraction (XRD) (Bruker
D-8 Avance) measurement, and Fourier transform infrared (FTIR)
spectrum was recorded on a Bruker Vertex 80V HYPERION 2000
Microscope using MCT detector. The mass of electrode materials
was measured on an AX/MX/UMX Balance (METTLER
TOLEDO, maximum ¼ 5.1 g; d ¼ 0.001 mg).
Electrochemical measurements (ZAHNER ZENNIUM Electrochemical Workstation) were performed in a three-electrode electrochemical cell at room temperature using a 1 M NaOH as electrolyte.
The nickel foam supported hybrid nanostructure (1 cm2 area; CoO
mass: 2.2 mg; NiHON mass: 0.8 mg) acted directly as the
working electrode. A Pt plate and Ag/AgCl were used as the counter
electrode and the reference electrode, respectively. All potentials were
referred to the reference electrode. The weight in specific capacitance
(F g1) and current rate (A g1) was calculated based on the whole
mass of the two active materials (CoO and NiHON). Electrochemical
impedance spectroscopy (EIS) measurements were carried out by
applying an AC voltage with 1 mV amplitude in a frequency range
from 0.1 Hz to 100 kHz at open circuit potential.
The SEM image in Fig. 1a shows that nickel foam has a 3D porous
structure. Fig. 1b indicates the aligned CoO nanowires are 60–
100 nm and 2–3 mm in diameter and length, respectively, and the
magnified image in the inset reveals they are highly porous. This
result corresponds well with previous report where porous but singlecrystalline CoO naowires were directly grown on titanium foil.25
Fig. 1c, d show the hybrid structure on the nickel foam. A typical
image of a part of nickel foam, as shown in Fig. 1c, indicates that
after growth the nickel foam is uniformly covered with the hybrid
structure. From Fig. 1d, it is clearly observed that the CoO
Energy Environ. Sci.

Fig. 1 SEM images of (a) the 3 D structure of nickel foam, (b) the CoO
nanowire on the nickel foam. (c,d) low and high magnification images of
the hybrid structure on the nickel foam. Insets in Fig. 1b and 1d are the
enlarged pictures.

‘‘nanostems’’ are tightly bonded and totally covered with ‘‘leaves’’ of
nanoflakes, so the space between the CoO arrays is abundantly
utilized, which would increase the energy and power per unit area.
The nanoflakes are formed because of Ni2+ hydrolysis on the CoO
surface,26 which leads to the hydrotalcite-like nickel hydroxide
structure intercalated with the NO3 group. The hierarchical hybrid
structure is further illustrated from the TEM image in Fig. 2. As can
be seen in Fig. 2a, the surface of CoO nanowire is fully covered with
ultrathin nanoflakes, which stretch out about 100 nm. EDS analysis
in two typical areas (A1, A2) reveals the elements of O, N and Ni in
the ‘‘leaves’’.
The XRD patterns of the CoO nanowires and the hybrid nanostructure are shown in Fig. 3a. The CoO nanowires corresponds with
the reported pattern of CoO (JCPDS, card no: 48-1719). After the
second step growth, other two peaks appear in the XRD pattern of
the hybrid structure, which correlate with previous report of
Ni3(NO3)2(OH)4 (JCPDS, card no: 22-0752).27 The FTIR spectrum

Fig. 2 TEM images of an individual hybrid nanostructure. The EDS
signals of the areas labeled as A1 and A2 in (b) are shown in (c).
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Fig. 3 (a) XRD patterns of the CoO nanowire and the hybrid structure
on the nickel foam. (b) FTIR spectrum of the hybrid structure.

in Fig. 3b provides further evidence for the formation of Ni-based
hydroxidenitrate. In detail, a group of peaks in the range of 990 to
1384 cm1 represent the nitrate anion.28 Two peaks observed at 657
and 3633 cm1 are associated with the s–OH vibrations and n–OH
stretching, respectively.29 Three peaks at 839, 1641, and 3363 cm1 are
associated with the vibrations of H2O.30
Fig. 4a shows the cyclic voltammetry (CV) curves of the hybrid
structure on nickel foam at different scan rates of 5, 10, 20, 40, and
80 mV s1. To better understand the reaction, the CV property of
CoO nanowires on nickel foam (nanostructures obtained after step 1
in experiment section) at 40 mV s1 is also shown as the dotted curve
in Fig. 4b, from which two pairs of redox peaks can be observed:
P1 and P3 are due to the reaction,31
CoO + OH 4 CoOOH + e

P2 and P4 are due to the reaction:
CoOOH + OH 4 CoO2 + H2O + e

Fig. 4 (a) The CV curves of the hybrid structure on nickel foam at
different scan rates of 5, 10, 20, 40 and 80 mV s1, (b) Comparison of the
hybrid structure and CoO nanowires on nickel foam at the same scan rate
of 40 mV s1. (c) Charge–discharge behavior of the hybrid structure on
nickel foam at different current densities. (d) The comparison of the
hybrid structure and CoO nanowires on nickel foam with the same areal
charge–discharge current of 10 mA cm2. Note that the redox peaks due
to the Ni foam are negligible as shown in the Electronic Supplementary
Information (Fig. S1†).
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Comparing it with the solid curve in Fig. 4b, which is the CV curve
of the hybrid structure on nickel foam at the same scan rate (40 mV
s1), the great contribution of ultrathin NiHON nanoflake can be
confirmed. The CV curve of the hybrid structure has not only fully
encompassed all the four peaks of the CoO nanowires, but greatly
expanded, thus increasing the integrated area, which means the
hybrid structure has a much larger capacitance than only the CoO
nanowires. On account of NiHON nanoflake, the expanded peaks
(P5 and P6) are mainly attributed to the reaction between Ni2+/Ni3+
and anions OH.32 So the ultrathin NiHON nanoflake did not
restrain the inside CoO nanowire from reaction with OH, but
introduces another electrochemical redox reaction to boost the
charge storage capability.
This conclusion is further confirmed by charge–discharge testing.
Fig. 4c shows the charge–discharge behavior of the hybrid structure
between 0.01–0.52 V at different current densities. The SC is calculated as follows:
C ¼ It/mDV

(1)

Where I is the discharge current, m is the mass of the hybrid structure,
DV is the potential window, t is the discharge time, and C is the
specific capacitance. A nickel foam under the same pretreatment was
also tested independently, which shows a capacitance of only 2 F
g1 at a current density of 5 mA cm2, contributing only 2.89% of the
total capacitance of the hybrid structure (calculation details are in the
Electronic Supplementary Information, ESI†). In order to illustrate
the contribution from the active material, in all of the following
results the small contribution of the Ni foam was subtracted. From
formula (1), the hybrid structure has SCs of 671.3, 749.9, 781.8 and
798.3 F g1 at different discharge currents of 13.33, 6.67, 3.33 and 1.67
A g1, respectively. Fig. 4d shows the comparison of the hybrid
structure and CoO nanowires on nickel foam with the same areal
charge–discharge current of 10 mA cm2. In short, because of the
participation of NiHON, the hybrid structure exhibits much better
electrochemical performance when compared with CoO nanowires
alone (which has a SC of 307 F g1 at a current density of 4.55 A g1).
Furthermore, if the CoO and NiHON could be simply added
together with the same mass ratio to that in the hybrid structure, the
SC of this addition would be only 545 F g1 (calculation details are
in the ESI†). This evidence further shows the merits of the uniformly
hybrid structure which has almost single-crystalline backbones and
ultrathin nanoflake shells.
The electrochemical stability of CoO nanowires and the hybrid
structure are shown in Fig. 5a. After 2000 cycles of charge and
discharge, both materials did not show evident loss of capacitance
(less than 5%), and the hybrid structure with a 96.7% capacitance
retention showed even better durability than the CoO nanowires
alone (which has a 95.1% capacitance retention). Fig. 5b shows the
last 10 charge–discharge cycles of the hybrid structure. After longtime cycling, the hybrid structure still maintains a good electrochemical reversibility with 98.9% Coulombic efficiency. The good
electrochemical stability can be explained in two parts: First, the
ordered CoO nanowires have grown tightly on nickel foam and
provide an excellent conducting connection with the NiHON nanoflake; Second, the NiHON nanoflake, filled in the surface of CoO
nanowires, can prevent the ‘stem’ from collapsing during the harsh
long-duration reaction in the electrolyte.33 Fig. 5c further reveals the
current density dependence of the cycling performance. During the
Energy Environ. Sci.

electrochemical performance provide great potential for this type of
hybrid 3D nanostructure as an active electrode for electrochemical
supercapacitors.
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