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ABSTRACT: Nickel−cobalt oxides were prepared by coprecipitation of their
hydroxides precursors and a following thermal treatment under a moderate
temperature. The preformed nickel-cobalt bimetallic hydroxide exhibited a
flower-like morphology with single crystalline nature and composed of many
interconnected nanosheets. The ratio of Ni to Co in the oxides could easily
be controlled by adjusting the composition of the original reactants for the
preparation of hydroxide precursors. It was found that both the molecular
ratio of Ni to Co and the annealing temperature had significant effects on
their porous structure and electrochemical properties. The effect of the Ni/
Co ratio on the pseudocapacitive properties of the binary oxide was
investigated in this work. The binary metal oxide with the exact molar ratio of
Ni:Co = 0.8:1 annealed at 300 °C, showing an optimum specific capacitance
of 750 F/g. However, too high an annealing temperature would lead to a large
crystal size, a low specific surface area, as well as a much lower pore volume. With the use of the binary metal oxide with Ni:Co =
0.8:1 and activated carbon as the positive and negative electrode, respectively, the assembled hybrid capacitor could exhibit a
high-energy density of 34.9 Wh/kg at the power density of 875 W/kg and long cycling life (86.4% retention of the initial value
after 10000 cycles).
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1. INTRODUCTION

Developing a supercapacitor (SC) with a high capacitance is of
great importance for the newly designed power delivery
systems because of the low-energy densities of conventional
capacitors (0.01−0.05 Wh/kg). The RuO2 had been considered
as a promising electrode material, owing to its high theoretical
specific capacitance; however, it is rather expensive and toxic
and not suitable for a wide commercialization and application.
Thus, other conventional and inexpensive transition metal
oxides or hydroxides have been intensively investigated with the
target to achieve a high specific capacitance, good rate
capability, and long cycle life.1−3 Generally, transition metal
hydroxide is of a low conductivity and is hard to deliver a high
performance under high-rate current densities.4,5 By contrast,
transition metal oxides are semiconductive with a higher
electrical conductivity and have been intensively investigated as
electrode materials.
Among various transition metal oxides, NiO has been

considered as one of the most promising electrode materials for
SC due to its satisfactory performance, low cost, and natural
abundance.6,7 However, there are still some drawbacks for it,
such as low electrical conductivity and poor reversibility. In
order to further improve the capacitive performance of NiO,
reducing its particle size and forming a three-dimensional (3D)

porous architecture are two common choices. In addition,
coupling NiO with different electrode materials (e.g., other
transition metal oxides8−12 and carbon-based materials13) has
also been extensively investigated. In this way, NiO was
prepared as a guest material by an additional process. M. C. Liu
et al. developed the nickel/cobaltite oxide composite (NiO/
NiCo2O4/Co3O4) for SC electrode material with a specific
capacitance of 1717 F/g at the current density of 5 mA/cm2.11

J. P. Liu and co-workers synthesized MnO2−NiO nanoflake-
assembled tubular arrays on stainless steel which exhibited a
good rate performance and long cycle life,8 for both MnO2 and
NiO could contribute to charge storage simultaneously.
To date, significant efforts have been made to improve the

electrochemical performance of the electrode materials by
coupling different electroactive materials. Mixed transition
metal oxides have thus received a lot of attention due to their
multiple oxidation, high energy density, and high specific
capacitance.14−26 Especially, if two transition metals are
coincorporated into the host layer, better capacity and cycling
stability are possibly achieved in comparison with monometallic
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systems.27−29 Meanwhile, to achieve a high energy density for
SCs, the electrode materials should possess sufficient surface
electroactive species and facilitate the transition of electrons for
Faradaic redox reactions. Therefore, a 3D integrated
hierarchical structure and porous features are preferred for
electrode materials.30−33 Concerning all above issues, mixed
metal oxides containing nickel and cobalt are worthy of being
developed and investigated due to the possible synergistic
effects occurring between them.34−37 Co-based oxide has long
been considered as a promising electrode material for its
specific structure and excellent pseudocapacitive properties too.
Previous experimental results indicated that the incorporation
of Co into NiO could enhance the reversibility and conductivity
of NiO38 and that the effects of Ni/Co molar ratio on the
specific capacitance was very important.35 Thus, binary Ni−Co
oxides can exhibit higher electrical conductivity and improved
electrochemical activity. Various Ni−Co oxide compounds have
been synthesized by different methods, including sol−gel,39,40
electrodeposition,20,41 hydrothermal method,27,42 and copreci-
pitation.34,43,44 Among them, hydrothermal method is one of
the best choices because of its easy controlling in crystal size,
morphology, and structure, convenient manipulation as well as
low synthesis temperature. Note that some chelating agents
play an important role in the hydrothermal process. However,
removal of them from the resultant product is difficult and
time-consuming and needs extra treatment. Surfactant-free
hydrothermal strategy in a pure water system is considered as a
simple and robust choice then.
On the basis of above viewpoints, a facile two-step method is

reported to prepare Ni−Co binary oxides to achieve a high
specific capacitance for SC application. In our case, Ni−Co
binary hydroxides with a 3D flower-like morphology are first
synthesized by surfactant-free hydrothermal method with
various Ni/Co molar ratios. Subsequently, they are annealed
under a moderate temperature, and porous Ni−Co oxide
compounds are then obtained. Our results prove that the total
specific capacitance of the binary metal oxide is highly
composition-dependent and that a precise composition control
for the series of oxide is necessary. Moreover, the porous
features of the oxides are also strongly related with their
composition. Thus, a simple process for the preparation of Ni−
Co binary oxides with high-performance is practically desirable.
Pseudocapacitive performances of the Ni−Co binary oxides
with different compositions are studied and compared with
their individual oxides. Our method for the preparation of Ni−
Co binary oxides is simple, controllable, and easy to realize the
scale production.

2. EXPERIMENTAL SECTION
2.1. Preparation of Metal Oxides. Flower-like Ni−Co oxide

microspheres were synthesized by a hydrothermal route with a
following annealing treatment. In a typical process, 10 mmol metallic
nitrate salts (the Ni/Co molar ratios were tuned to be 1:0, 7:3, 5:5,
3:7, and 0:1) and 15 mmol hexamethylenetetramine (HMT) were
dissolved into 32 mL water under stirring. Then, the solution was
transferred into a 100 mL Teflon-lined stainless-steel autoclave, and it
was maintained in the oven at 120 °C for 2 h.28 After cooling it down
to room temperature, a green hydroxide precipitate was collected and
washed with adequate water, and then dried in an oven at 80 °C.
Finally, the hydroxides prepared with different Ni/Co molar ratios
were annealed at 300 °C for 2 h in air to obtain black oxide samples.
The sample prepared with initial Ni/Co molar ratio of 1:0, 7:3, 5:5,
3:7, and 0:1 is denoted as N1, C3N7, C5N5, C7N3, and C1,
respectively. As a control, the hydroxide with Ni/Co of 3:7 was

annealed at 500 °C for 2 h, and the resultant sample was named
C7N3-500 here.

2.2. Material Characterization. The morphology and phase of
the samples were characterized by a scanning electron microscope
(SEM, Hitachi S-4800), a transmission electron microscope (TEM,
Philips CM200), and a powder X-ray diffractometer (XRD, Shimadzu
XRD-6000) with Cu Kα irradiation (λ = 1.5406 Å). Thermogravi-
metric analysis (TGA) was measured using a TA Q600 instrument
from 25 to 600 °C with a heating rate of 10 °C/min in air. The
elemental composition and oxidation state were analyzed using X-ray
photoelectron spectroscopy (XPS, Thermo, Escalab 250xi). X-ray
fluorescence spectrometer (XRF, ARL ADVANT’X IntelliPowerTM
4200, ThermoFisher) was used to determine the content of Ni−Co in
the binary metal oxides. The specific surface areas and pore diameter
distributions of the oxides were calculated at 77 K in N2 by a
Micromeritics ASAP 2020 (Micromeritics Instrument Corporation)
analyzer with a method of Brunauner-Emmet-Teller (BET) and BJH
(Barrett−Joyner−Halenda). Before gas-sorption measurement, each
sample was degassed in vacuum at 300 °C for 10 h.

2.3. Electrochemical Measurements. The working electrode
was prepared by coating the homogeneous slurry of metal oxide,
acetylene black, and polyvinylidene fluoride in a weight ratio of 8:1:1
in N-methyl-2-pyrrolidone onto 1.5 × 1.5 cm Ni foam as the current
collector. The electrode was then completely dried at 80 °C in
vacuum. The electrode was pressed to be a thin foil at 10 MPa before
each test. The mass of active material loaded on each electrode was
about 5 mg by means of a microbalance (Sartorius, BS124S) with an
accuracy of 0.1 mg. All electrochemical measurements were performed
in 2 M KOH aqueous solution under a standard three-electrode
system for electrode materials. The Ni foam loaded with active
material, platinum foil, and Ag/AgCl electrode were used as a working
electrode, counter electrode, and reference electrode, respectively.
Cyclic voltammograms (CV), galvanostatic charge−discharge, and
electrochemical impedance spectroscopy (EIS) were measured by a
CHI660D electrochemical workstation. The cycle life measurement
was tested on a LAND CT2001A test system by galvanostatic charge−
discharge techniques.

To prepare a hybrid (asymmetric) SC, Ni−Co metal oxide (sample
C7N3) and activated carbon (AC) were selected as positive and
negative electrode materials, respectively, with a polypropylene
membrance as a separator. The hybrid SC could work in a much
wider potential window (c.a., 1.75 V). The mass on each electrode was
balanced with a law of Q+ = Q− (Q = cmΔV) to ensure an efficient
charge storage,28 where Q (C) is the storage charges of the electrode,
C (F g−1) is the specific capacitance of the electrode based on the mass
of active material, m (g) is the mass of active material within the
working electrode, and ΔV (V) is the potential window.

3. RESULTS AND DISCUSSION

3.1. Structure and Composition Analysis. The phases of
the hydroxide precursors prepared with different Ni/Co ratios
were first characterized by powder XRD. As shown in Figure
1a, all their diffraction peaks can be ascribed to hydrotalcite-like
structures, such as α-Ni(OH)2, α-Co(OH)2, and Ni−Co
layered double hydroxide. This phenomenon is attributed to
the formation of Ni−Co binary hydroxide compounds. When
the hydroxide precursors were heated at 300 °C for 2 h, they
transformed to the corresponding fcc oxides, such as spinel
Co3O4 (sample C1), NiCo2O4 (binary oxides), and cubic NiO
(sample N1), as shown in Figure 1b. All these diffraction peaks
can be well-indexed to a cubic Co3O4 (JCPDS: 43-1003), NiO
(JCPDS: 47-1049), and NiCo2O4 (JCPDS: 73-1702). No other
peaks from hydroxides can be observed. Thus, we believe the
complete transition from hydroxides to oxides after annealing at
300 °C. However, the diffraction peaks of NiO (i.e., sample
N1) are much broader than those of Co3O4 (sample C1),
implying a much smaller crystal size of NiO than Co3O4. The
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average crystal sizes of the metal oxides are determined to be
10, 9, 11, 12, and 16 nm for sample N1, C3N7, C5N5, C7N3,
and C1, respectively, which is calculated by the Scherrer
equation.21 The crystal size of sample C7N3-500 is calculated
to be 13 nm, a little larger than that of sample C7N3 annealed
at 300 °C.
The metal hydroxide precursor is not thermally stable. It

decomposes on calcination and transforms into the correspond-
ing metal oxide. TGA curves of the as-prepared hydroxide
precursors with different Ni/Co ratios were measured in air
between 25 and 600 °C to investigate their decomposition
performance. As shown in Figure 1c, we can observe two
significant weight loss steps from each curve. The first weight
loss below 150 °C is likely due to the evaporation of physically
absorbed water and trapped anions, while the second is
assigned to the decomposition of hydroxide and the
crystallization of metal oxide crystals. We can observe that
the crystallization temperature for Co3O4, Ni−Co binary
oxides, and NiO are at about 230, 270, and 280 °C,
respectively, from their TGA curves. Above 400 °C, there is
no evident weight loss for all samples, indicating a complete
phase transition. Since the crystallization temperature of NiO is
higher than that of Co3O4, we can deduce that the crystal size

of NiO is much smaller than Co3O4 when being annealed at the
same temperature, as also proved by XRD analysis.
The general morphologies and microstructure of the as-

synthesized materials were observed by SEM and TEM, as
displayed in Figure 2. Figure 2 (panels a−f) shows the typical
SEM images of metal oxides, indicating a flower-like structure.
Comparing with their hydroxide precursors (shown in Figure
S1), no significant morphological changes of the metal oxides
can be observed after annealing.28 Figure 2f shows the SEM
image of sample C7N3-500. Due to its large crystal size and
high annealing temperature, a lot of small pores can be clearly
seen on the surface, indicating its porous nature. The metal
oxides derived from hydroxide precursors usually involve the
recrystallization process and the release of gaseous species. It
will create a highly porous texture or hollow structure and
exhibit a high specific surface area, which benefits the
performance in electrochemical applications with a short
ionic/electronic diffusion length.45

TEM images of sample C7N3 and its hydroxide precursor
are shown in Figure 2 (panels g−i). In Figure 2g, we can see
that the hydroxide precursor is of a sheet-like structure with a
homogeneous thickness. The corresponding electron diffrac-
tion (ED) pattern in the inset confirms that the normal of the
nanosheets is the [001] direction of hydroxide from the
hexagonal (110) diffraction spots and that they are single
crystalline. After the heat treatment, it sustains the original
morphology of its precursor, as shown in Figure 2h. However,
the sheet-like oxide is composed of a large amount of small
nanoparticles. Close observations indicate that there are a lot of
small pores distributing in the metal oxide nanosheet, typically
shown in Figure 2i. The size of nanoparticles in the nanosheet
is about 10 nm within a narrow size distribution. They are
closely connected with their adjacent grains. The phase of the
metal oxide nanoparticles was also identified by selected area
ED technique as the spinel form of NiCo2O4 in the inset of
Figure 2i. The distinct diffraction spots indicate the crystalline
of the NiCo2O4 nanosheets. The calculated interplanar spacings
by the ED pattern are in good agreement with those of
NiCo2O4, as marked in the diffraction pattern. We deduce that
these NiCo2O4 nanocrystals tend to agglomerate to form frame
configurations, showing an oriented attachment between
adjacent nanocrystals.46 Otherwise, the diffraction pattern will
be multicrystalline.
We also determined the Ni/Co molar ratio of the as-

synthesized Ni−Co oxides by XRF. The XRF results
demonstrate that the molar ratios of Ni to Co for samples
C3N7, C5N5, and C7N3 are 3.4, 1.6 and 0.8, respectively,
which are not consistent with those of the original reactants.
The EDS analysis of their hydroxide precursors are shown in
Figure S2). The measured Ni/Co ratios are consistent with
what was determined by XRF, as shown in Table 1. The
content of cobalt in Ni−Co binary oxides is much lower than
that in the original reactants, which is caused by the higher
solubility constant of Co(OH)2 (5.92 × 10−15) than Ni(OH)2
(5.48 × 10−16).28 The Ni/Co molar ratio of sample C7N3 is
closer to that of NiCo2O4 than those of sample C3N7 and
C5N5. It means that there are much more NiCo2O4 crystals in
sample C7N3 than in other two binary oxides. Due to the
better electrochemical performance of binary metal oxide than
monometallic oxide, we hypothesize that the binary oxides are
composed of NiCo2O4 and NiO with different contents. In
accordance with the measured molar ratio of Ni to Co, the
mass contents of NiCo2O4 and NiO in the binary oxides are

Figure 1. XRD patterns of (a) hydroxide precursors and (b) transition
metal oxides. (c) TGA curves of hydroxides precursors.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b04463
ACS Appl. Mater. Interfaces 2015, 7, 17630−17640

17632

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04463/suppl_file/am5b04463_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04463/suppl_file/am5b04463_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04463/suppl_file/am5b04463_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b04463


calculated and demonstrated in Table 1. For samples C3N7 and
C5N5, the high content of NiO in their compositions leads to a
close similarity to sample N1 (pure NiO) in the XRD patterns.
The more detailed chemical composition and the elemental

oxidation state of sample C7N3 are further characterized by the
XPS measurement. The results are presented in Figure S4),
indicating the presence of Ni, Co, and O (in Figure S4a). By
using the Gaussian fitting method, the Ni 2p is well-fitted with
two spin−orbit doublets, characteristic of Ni2+ and Ni3+ with
two satellites (in Figure S4b). The fitting peaks at 853.7 and
871.2 eV are indexed to Ni2+, while the peaks at 855.6 and
872.8 eV can be indexed to Ni3+.47 The satellite peaks at 860.7
and 878.8 eV are shakeup type peaks of nickel, at the high side
of the Ni 2p1/2 and Ni 2p3/2.

48 The Co 2p emission spectrum
(in Figure S4c) is also fitted with two spin−orbit doublets,
characteristic of Co2+ and Co3+. The peaks at binding energies
of 779.3 and 794.2 eV are ascribed to Co3+. The other two

peaks at 781.3 and 795.9 eV can be ascribed to Co2+.47 The
spectrum for the O 1s region (in Figure S4d) shows three
oxygen contributions, which have been denoted as O1, O2, and
O3, respectively. The fitting peak of O1 at 528.9 eV is a typical
metal−oxygen bond, and that of O2 at 530.4 eV corresponds to
a high number of defect sites with a low oxygen coordination in
materials with a small particle size. The component O3 at 532.6
eV can be ascribed to a multiplicity of physically and chemically
bonded water on or near the surface.49 These results show that
Ni−Co binary oxides have a mixed composition, containing
Ni2+, Ni3+, Co2+, and Co3+, which are in good agreement with
the results reported for NiCo2O4 in the literature.47−49

3.2. BET and Pore Volume Measurement. To investigate
the specific surface area and the pore size distribution of the
metal oxide microflowers, nitrogen gas-sorption measurement
was performed for each sample. The nitrogen adsorption−
desorption isotherms and the pore size distribution plots of the
metal oxide samples are typically shown in Figure 3 and Figure
S5. All the curves of metal oxide samples display H3-type
sorption isotherms, with hysteresis loops characteristic of
mesoporous materials. The adsorption isotherm in the low-
relative-pressure region is attributed to the surface area of the
microflowers, whereas the large hysteresis loops are due to the
mesopores inside the microflowers.
The specific surface area and pore volume of the metal oxides

are summarized in Table 2. We can find that the specific surface
area of transition metal oxide is related to its composition. A
high content of nickel in the hydroxide precursor results in a

Figure 2. SEM images of as-prepared oxides (a) N1, (b) C1, (c) C3N7, (d) C5N5, (e) C7N3, and (f) C7N3-500; TEM images of (g) hydroxide
precursor of sample C7N3, (h) and (i) sample C7N3 under different magnifications, with the inset of (i) showing the corresponding selected area
ED pattern of sample C7N3.

Table 1. Measured Molar Ratio of Binary Hydroxides and
Oxides and the Mass Contents of NiCo2O4 and NiO in the
Ni−Co Binary oxides

metal
oxide

molar ratio of Ni:Co
in the hydroxide
precursor by EDS

molar ratio of
Ni:Co in binary
oxide by XRF

mass
content of
NiCo2O4
(wt %)

mass
content of

NiO
(wt %)

C3N7 3.1:1 3.4:1 36 64
C5N5 1.6:1 1.6:1 59 41
C7N3 0.8:1 0.8:1 84 16
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large specific area of the corresponding metal oxide under the
same annealing temperature. This can be assigned to the small
crystal size of NiO and the high decomposition temperature of
nickel hydroxide, being in good agreement with the above
XRD, SEM, and TEM observations. Under the same calcination
temperature, the large Co3O4 nanoparticles recrystallize
together and the pore size increase, so the hysteresis loop
shifts to the right, as shown in Figure 3a. It is also consistent
with the pore size distribution in Figure 3b. In addition to
chemical composition, anealling temperature is also a key factor
for controlling the porous structure and particle sizes of the
metal oxide product. Similarly, when the Ni−Co hydroxide was
heated at 500 °C, its specific surface area was greatly reduced to
1/4 of that heated at 300 °C. From Figure 3b and Table 2, it is
obvious that the metal oxide with a small crystal size usually has
a larger pore volume.
In the present work, we found that the Ni and Co

composition in the flower-like microspheres can be readily
manipulated by varying their concentrations in the chemical
solution. This provides us an opportunity to control their
composition, porous structure, and supercapacitive properties.

In addition to NiO and Co3O4, nickel cobaltite (NiCo2O4) is
also a low-cost, environmentally friendly transition metal oxide.
They are widely reported to be potential electrode materials for
SCs. NiCo2O4 is regarded as a mixed metal oxide consisting of
a spinel type crystal structure, similar to Co3O4, where the
nickel cations occupy octahedral sites and cobalt cations are
distributed over the tetrahedral and octahedral sites randomly.
However, the electronic conductivity of NiCo2O4 has been
reported to be much higher than those of NiO and Co3O4. It
has two orders higher electron conductivity compared with
pure NiO or Co3O4 (10

−3 to 10−2 S/cm) together with a high
electrochemical activity.50 It is documented to have 62 S/cm
for single crystal NiCo2O4 nanoplate at room temperature51

and 0.6 S/cm for the polycrystalline NiCo2O4 film.14 Generally,
NiCo2O4 can be directly prepared via one-pot approaches or
transformed from some precursors such as hydroxides,
carbonates, and organic materials. For our hydroxide
precursors, the subsequent phase transition is accompanied
by the release of nontoxic gases, and the product has a porous
3D hierarchical structure. Thus, we will focus on the
electrochemical properties of the series of metal oxides
containing Ni and Co in the following section.
It is believed that the redox reactions offered by NiCo2O4,

including contributions from both the nickel and cobalt ions,
are richer than those of the monometallic nickel oxide and
cobalt oxide.52,53 Previous reports are mainly focused on the
NiCo2O4-carbon-based composite, porous NiCo2O4 with
various morphologies, and its films on conducting substrate.
Recently, some literature have utilized NiCo2O4 material as
both active material and conductive backbone to support guest
metal oxides, hydroxides or sulfides, so as to produce
hierarchical mesopores with a large specific surface area.52 To
realize the above purpose, complex processes and additional
fabrication are usually necessary. In our case, NiCo2O4 and NiO
nanocrystals are homogeneously mixed and combined together
to form a 3D hierarchical structure by a simple step. For the
porous NiCo2O4 prepared by pyrolysis method, the product
prepared at a low temperature usually exhibits a larger BET
surface area and higher specific capacitance than that prepared
at a high temperature.54 Annealing temperature can be thus
efficiently applied to control the surface area, pore volume, and
electrochemical performance of the product.55 In this work,
porous NiCo2O4 with NiO can be fabricated by pyrolyzing the
hydroxide precursors with different compositions. The binary
hydroxide samples are calcined at the same temperature. After
calcination, the specific surface area, pore volume, and
electrochemical performance of the oxide samples are strongly
related with their composition due to the different pyrolyzing
temperatures of Ni(OH)2 and Co(OH)2.

3.3. Electrochemical Properties. The CV curves of
transition metal oxides and nickel foam recorded at a scan
rate of 5 mV/s in the potential range of 0−0.6 V are shown in
Figure 4a. It can be clearly seen that the redox peaks of Ni foam
are negligible in comparison with those of as-prepared metal
oxides. Thus, we believe that these redox peaks are essentially
attributed to electrode materials. As can be seen, the CV curves
of metal oxides exhibit two pairs of strong redox peaks,
indicating typical pseudocapacitor behavior. The two redox
peaks can be attributed to the electrochemical reactions of Ni/
Co species based on the following equations:

+ = +− −NiO OH NiOOH e (1)

+ + = +− −Co O H O OH 3CoOOH e3 4 2 (2)

Figure 3. (a) Nitrogen adsorption−desorption isotherms and (b) BJH
pore size distributions of metal oxide samples.

Table 2. Specific Surface Area and Pore Volume of
Transition Metal Oxides

metal
oxide

specific
surface
area

(m2/g)

pore
volume
(cm3/g)

mesopore
volume
(cm3/g)

mesopore/
total pore
ratio (%)

annealing
temperature

(°C)

C1 47.74 0.2054 0.1503 73.2 300
C7N3 98.91 0.2166 0.1695 78.3 300
C5N5 121.90 0.2113 0.1761 83.3 300
C3N7 124.67 0.3120 0.1791 57.4 300
N1 156.94 0.5796 0.3227 55.7 300
C7N3-
500

23.84 0.1213 0.0612 50.5 500
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+ + = + +− −NiCo O OH H O NiOOH 2CoOOH e2 4 2
(3)

+ = + +− −CoOOH OH CoO H O e2 2 (4)

For Ni−Co binary oxides, only two pairs of redox peaks exist,
because the redox potential of Ni2+/Ni3+ and Co2+/Co3+

transitions is so close that it is difficult to tell them apart. It
is noted that Ni−Co binary oxides show lower reduction
potential than NiO and Co3O4 electrodes, which may be due to
its high valence ions, such as Ni3+ and Co3+, as proved by XPS
results. Moreover, the peak current of the binary oxides is much
higher than those under the same scan rate. It is also known
that the area surrounded by the CV curve reflects the
electrochemical performance of the electrode materials. The
higher the response current density, the larger the specific
capacitance of the material delivered.56 It can be concluded that
binary oxides exhibit a higher capacity than that of NiO and
Co3O4. Among these binary metal oxides, sample C7N3 has the
highest peak current, signifying the best electrochemical
performance. Sample C7N3 has the largest integral area,
implying that it possesses the highest specific capacitance.
Figure 4b shows the CV curves of sample C7N3 electrode at
different scan rates. The separation between cathodic and
anodic peaks gradually increases with increasing scan rate,
which may be ascribed to decrease in the utilization of active
material caused by limited diffusion/migration of ions at the
high scan rate.
Galvanostatic charge−discharge measurements were carried

out to further study the specific capacitance and the rate
capability of Ni−Co oxides electrodes. Figure 4c shows the
charge−discharge curves of the transition metal oxides at the

current density of 1 A/g. The nearly symmetric potential-time
curves imply the high charge−discharge columbic efficiency and
low polarization of the Ni−Co oxides. The specific capacitance
can be calculated by the following equation:

= Δ ΔC I t m V/( ) (5)

where C (F/g) is the specific capacitance of the electrode, I (A)
is the discharge current, Δt (s) is the discharge time, m (g) is
the mass of active material, and ΔV (V) is the potential
window. The specific capacitances are calculated to be 578, 610,
750, 393, and 129 F/g for sample C3N7, C5N5, C7N3, N1,
and C1, respectively, at the current density of 1 A/g. It is also
clearly indicated that the specific capacitances of Ni−Co binary
oxides are much higher than that of monometallic NiO and
Co3O4 electrodes, well consistent with CV results. This result
can be attributed to the synergetic effect of Ni−Co species as
well as the highly electroactive NiCo2O4 in the binary Ni−Co
oxide, even though both the specific surface area and pore
volume of NiO is the higher than those of binary oxides.
Figure 4d shows the rate capability of transition metal oxides

at the current densities from 1 to 10 A/g. It can be found that
the specific capacitances of all samples decrease with the
increase of current densities. It is commonly due to more
difficult penetration and diffusion of the electrolyte under a
high current density.56,57 The calculated specific capacitances
are 380, 424, 498, 242, and 50 F/g for sample C3N7, C5N5,
C7N3, N1, and C1 at the current density of 10 A/g,
respectively. Furthermore, it can be observed that sample
C7N3 still has the highest specific capacitance and the fairly
good rate capability among them. The reason for this
phenomenon is that the electrochemical reactions usually

Figure 4. (a) CV curves of metal oxides and nickel foam at a scan rate of 5 mV/s, (b) CV curves of sample C7N3 at different scan rates, (c)
galvanostatic charge−discharge curves of the metal oxides at a current density of 1 A/g, and (d) the specific capacitance as a function of current
density for the metal oxide samples showing their rate capabilities.
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depend on the insertion−extraction of OH− from the
electrolyte, while the porous structure is beneficial for the
ions to diffuse into the electrode holes. In addition, binary
oxides, typically for NiCo2O4, can afford a richer variety of
redox reactions (contributed by both Co3+ and Ni2+ ions) and
much higher electrical conductivity than those of the
monometallic oxide materials.58

EIS tests were measured to evaluate the electrochemical
behavior of samples in the frequency range from 0.01 Hz to 10
kHz, as shown in Figure 5a. Each of the plots consists of two
sections, a small semicircle at the high-frequency region that
can be ascribed to charge transfer resistance and a slope line at
the low-frequency region that can be ascribed to mass transfer
resistivity of the electrolyte within the pore of the electrode.59,60

The intercept at the real axis in the high-frequency region
represents the internal resistance, including the contact
resistance of the interface between active material and current
collector, the intrinsic resistance of the active material and the
ionic resistance of the electrolyte. In Nyquist plots, all of the
samples manifest a small real axis intercept (<1.0 Ω), showing a
low internal resistance. It is obvious that sample C7N3 has the
lowest internal resistance among them, indicating that it
exhibits the highest electrical conductivity.
Cycling stability tests were conducted by means of

galvanostatic charge−discharge over 3000 cycles at a current
density of 3 A/g. As shown in Figure 5b, samples N1 and C1
exhibit excellent cycling stability (capacitance retention: 94.7%
for N1, 100% for C1) but a rather low specific capacitance. This
may be ascribed to the high conductivity and reversibility. For
binary transition metal oxides, their specific capacitances are
significantly high; however, the combination of Ni and Co may
lead to a looser structure, resulting in a relatively poor cycling
stability of binary oxides compared with C1 and N1. The
cycling stability for sample C3N7 and C5N5 is obviously worse
than sample C7N3. The specific capacitance of sample C3N7
and C5N5 decreases quickly after 1000 and 1500 cycles,

respectively. It should be caused by the low content of
NiCo2O4 in them. Sample C7N3 has a good cycling stability
(102% retention after 3000 cycles) with a slight fluctuation and
the highest specific capacitance among them, which means that
it is an attractive candidate as electrode material for SCs due to
its high specific capacitance, good rate capability, and long-term
cycling life. It is noteworthy that the specific capacitances of
samples C3N7, C5N5, and C7N3 increase at first, instead of
decreasing as sample C1 and N1, and then decrease with
cycling numbers. This is ascribed to the cycling induced
improvement in the surface wetting of the electrode and
electrolyte ions accessibility, thus resulting in more electroactive
surface area. The following decline can be ascribed to
irreversible surface dissolution of unstable materials and solid
electrode interface reaction.61

An example radar plot to compare electrochemical properties
of transition metal oxides prepared in this work with each other
is shown in Figure 5c. A larger area encompassed within a radar
plot indicates a better overall performance.62 It can be seen
straightforward that sample C7N3 has a much better
electrochemical performance than the others. Figure 5d also
shows a radar plot to compare electrochemical properties of
sample C7N3 prepared in this work (red curve) with those in
refs 49 (purple curve) and 60 (green curve). As is apparent
from Figure 5d, Ni−Co binary oxide (sample C7N3) in this
work exhibits better electrochemical performances than those
reported in other references.
In order to find out the reasons for the decline in capacitance

during cycling test, the phase of binary oxides electrodes were
investigated after 3000 cycling test. The XRD patterns of the
binary metal oxide electrodes after 3000 cycling are
comparatively shown in Figure 6 in a 2θ angle range from
15° to 42° to avoid the interference of nickel foam substrate. It
is clear to see that the XRD patterns of these samples have no
other new peaks except for two peaks at 38.4° and 22.7°. The
small peak at 22.7° is presented in each pattern, which can be

Figure 5. (a) Nyquist impedance plots for all transition metal oxide samples, inset showing the impedance at a high-frequency region; (b) cycling
stability of the samples at a current density of 3A/g; (c) example radar plots to compare electrochemical properties of transition metal oxides
prepared in this work, (d) with those of in other references.
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ascribed to the presence of polyvinylidene fluoride as a
binder.63 The peak at 38.4° is not presented in every pattern,
which can be attributed to the formation of Ni(OH)2 on the
nickel foam in alkaline solution. Next step, we try to use
another current collector instead of nickel foam to avoid it.
However, comparing the XRD patterns before and after the
cycling test, we can draw a conclusion that the phase of the
binary metal oxides after the cycling test is not changed,
showing a good stability in structure.
3.4. Properties of Asymmetric Capacitor. An asym-

metric SC with two-electrode configuration was fabricated,
since a three-electrode setup could overestimate the perform-

ance of the electrode materials. A hybrid capacitor using sample
C7N3 as a positive electrode and AC as a negative electrode
was assembled. The electrochemical properties of the
asymmetric capacitor were evaluated by CV and galvanostatic
charge−discharge measurements in a potential window of 0−
1.75 V. The mass ratio of sample C7N3 to AC electrode is
1:1.66, as calculated from the results in Figure S7. The total
mass of active materials in the asymmetric SC electrodes (1.5
cm × 1.5 cm) is about 13.36 mg here.
The CV curves of the asymmetric capacitor are shown in

Figure 7a at the scan rates from 5 to 100 mV/s. It is found that
there is no obvious distortion in the CV curves within an
operational potential of 1.75 V, indicating its fast charge−
discharge properties. Galvanostatic charge−discharge test was
carried out at various current densities in order to determine
the specific capacitance, energy density, and power density. The
charge−discharge curves are illustrated in Figure 7b, which tend
toward a triangular-like shape. The calculated specific
capacitance based on the total mass loading as a function of
current densities is shown in the inset of Figure 7c. The specific
capacitance decreased from 82.1 to 46.9 F/g, when the current
density increased from 1 to 10 A/g, suggesting a fairly good rate
capability of the hybrid capacitor. Figure 7c shows the Ragone
plot of the C7N3//AC asymmetric capacitor. The hybrid
capacitor can deliver an energy density of 34.9 Wh/kg at 875
W/kg and still remain 19.9 Wh/kg at 8750W/kg. It proves that
the hybrid capacitor is capable of delivering a high power
density without substantial degradation in the stored energy.
We also illustrated the capacitance values of reported literature

Figure 6. XRD patterns of Ni−Co binary oxide electrodes before and
after 3000 cycling test.

Figure 7. Electrochemical performances of the asymmetric SC using C7N3//AC (a) CV curves at various scan rates, (b) charge−discharge curves
under different current densities from 1 to 10 A/g, (c) the corresponding Ragone plot, inset showing the specific capacitance dependent on current
densities, and (d) cycling stability at a current density of 2A/g, inset showing the photograph of two lights connected to an asymmetric capacitor and
the size of the two electrodes.
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in comparison with that of our case, as demonstrated in Table
3. It is obvious that the sample C7N3 (NiCo2O4−NiO)
prepared in this work shows a high specific capacitance with a
large potential window.
The cycling stability of the asymmetric SC was also examined

in the potential window of 1.75 V at the current density of 2 A/
g to evaluate if it was suitable for long-term application. As
shown in Figure 7d, the asymmetric SC displays a little
degradation, with 86.4% retention of the initial value after
10000 cycles. It indicates a quite excellent cycling stability,
making it a promising candidate for energy storage materials.
After 10000 cycling test, we used the capacitor to connect two
parallel small lamps (driving voltage, 1.5 V). The two lights can
work for 12 s, after being charged to 1.75 V at the charge
current density of 1 A/g and decrease to 7 s at the charge
current density of 10 A/g, which is consistent with the above
results. The excellent electrochemical properties are mainly
attributed to the high conductivity and capacitance of the
capacitor derived from the redox reactions of Ni2+/Ni3+ and
Co2+/Co3+, which is superior in charge transfer kinetics.48 In
addition, the porous structure of NiCo2O4 can facilitate ion and
electron transfer, restricting the volumetric change of the
electrode in the charge−discharge process. This demonstrates
that the hybrid capacitor can be efficiently used as a potential
power source with excellent stability.

■ CONCLUSION

In summary, we reported a facile method to prepare porous
Ni−Co binary oxides by combining hydrothermal method with
following heat treatment. The composition and porous features
of the metal oxides could easily be tuned. Varying the Ni/Co
ratio allows the formation of 3D porous metal oxides with
different specific surface areas and pore volumes under the
same annealing temperature. Electrochemical tests demonstrate
that the binary metal oxides exhibit better electrochemical
properties than monometallic oxide. Among them, sample
C7N3 with a high content of NiCo2O4 has the highest specific
capacitance of 750 F/g, high rate capability, and long-term
cycling stability (102% retention after 3000 cycles). Therefore,
Ni−Co binary oxides are promising electrode materials for SCs.
The assembled hybrid asymmetric capacitor using sample
C7N3 as the positive electrode and activated carbon as the
negative electrode can work in a broad potential window of
1.75 V with a high specific capacitance (82.1 F/g), high energy
density (34.9 Wh/kg), and long cycle life (86.4% retention after
10000 cycles), which is encouraging for the application of SC.
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