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Fabrication of hybrid Co;0,/NiCo,0, nanosheets
sandwiched by nanoneedles for high-performance
supercapacitors using a novel electrochemical ion

exchange

Jiaxin Hao', Shanglong Peng'’, Tianfeng Qin', Zilei Wang', Yuxiang Wen', Deyan He',
Jiachi Zhang', Zhiya Zhang', Xiaoyan Fan’ and Guozhong Cao™

ABSTRACT Electrochemical ion exchange has been used to
tailor the composition of transition metal oxides (Co;0,)
electrode with enhanced capacity while maintaining its crystal
structure and morphology. Specifically, Ni ions were in-
corporated to Co;0, nanosheets sandwiched by nanoneedles
to form Co;0,/NiCo,0, composite. As positive electrode for
supercapacitors, the Co,0,/NiCo,0, composite presents a
high areal capacitance of 3.2 F cm™ (1060 F g'l) at a current
density of 5 mA cm ™ and outstanding rate capability as well as
long cycle stability. Moreover, the assembled aqueous asym-
metric supercapacitor based on Co;0,/NiCo,0,//carbon cloth
electrodes delivers a considerable energy density of 3.0
mW h cm™ at power density of 136 mW cm, and high rate
capability (85% retention at a current density of 30 mA cm™).
A safety light composed of ten green LEDs in parallel was lit
for ~360 s using two identical supercapacitors in series, in-
dicating a promising practical application.

Keywords: electrochemical ion exchange, cobalt oxide, nickel
cobalt oxide, asymmetric supercapacitors

INTRODUCTION

The development of efficient energy storage devices is
gaining increasing attention due to their potential appli-
cations in the field of emergency power supplies and high
power electronic devices [1-4]. Featured with high power
density, long cycle stability and fast charge/discharge
rates, supercapacitors (SCs) are regarded as one of the
promising energy storage devices [2,5,6]. Despite these

advantages, its relatively low energy density must be in-
creased to satisfy their practical applications. Compared
with conventional carbon materials featured with high
conductivity and low electric double layer capacitance
[1,7-9], the transition metal oxides/hydroxides (such as
RuO,, Co;0,, NiO, MnO, and Ni(OH),) present high
pseudocapacitance through redox reactions taking place
at the interface of electrode/electrolyte, which can en-
hance the energy density of device [10-14]. Among these
electroactive materials, Co;0, has dominated over other
materials due to its low cost, simple synthetic process and
extremely high theoretical capacitance (~3560F g)
[15,16]. Unfortunately, the redox reaction is usually re-
stricted by its intrinsic poor electrical conductivity and
the sluggish ion diffusion near the electrode surface,
leading to the lower observed capacitance values [17-20].
To tackle the problem, one of the promising methods is to
introduce beneficial ions into Co,0,. Ni ion can be a
representative of beneficial metal ions, and its introduc-
tion into the spinel Co;0, can produce a nickel cobalt
oxide composite, which exhibits the synergistic effect
from Ni and Co ions, such as improved electrical con-
ductivity and electrochemical performance [21-24]. More
recently, different methods have been reported to syn-
thesize nickel cobalt oxide with different nanostructure
and morphology. For example, Jiao et al. [25] reported
the partial substitution of Ni** in a Ni-MOF by active
Co”" via a hydrothermal method and the obtained CoNi-
MOF exhibited a high specific capacity of 236.1 mAh g
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at a current density of 1 A g''; Zhang et al. [26] obtained
core@shell Co;0,@NiCo,0, nanowire arrays on Ni foam
via a hydrothermal and co-electrodeposition method,
exhibiting a high areal capacitance of 2.04 Fcm™ at a
current density of 5 mA cm™. Wu et al. [22] reported
mesoporous nickel cobalt oxide (Niy;Co,;0,) through
calcining nickel cobalt oxalate hydrate, demonstrating a
specific capacitance of 960 F g™’ at a current density of
0.625 A g'; These methods have demonstrated the suc-
cessful preparation of nickel cobalt oxide; however, direct
growth of hybrid Co;0,/NiCo,0, on Ni foam for high
performance supercapacitors has not been reported until
now.

Herein, we reported a novel approach to synthesize
Co0;0,/NiCo,0, nanosheets sandwiched by nanoneedles
via combining hydrothermal and annealing treatment
with a simple electrochemical ion exchange. Electro-
chemical ion exchange refers to the ion exchange that
occurs under the action of electric field. Ion exchange can
replace the Co** with Ni** and electric field can speed up
the process. The fabrication of Co;0,/NiCo,0, composite
is derived from the partial substitution of Co’" in the
Co,0, by active Ni’* while the pristine crystal structure
and morphology are remained [27,28]. Benefiting from
the synergistic effect, the Co;0,/NiCo,0, composite
electrode delivers a high areal capacity of 3.2 Fcm™ at a
current density of 5 mA cm ™ and excellent rate capability
as well as long cycle stability. An asymmetric super-
capacitor based on Co;0,/NiCo,0,//carbon cloth pre-
sents a high energy density of 3.0 mW h cm™ at a power
density of 136 mW cm™ and good rate stability. Two
devices in series light ten green LEDs in parallel for
~360 s, indicating a promising practical application.

EXPERIMENTAL SECTION

Synthesis of the Co;0, nanosheets sandwiched by
nanoneedles

All of the chemicals were analytical grade and used
without further purification. The Co;0, nanosheet
sandwiched by nanoneedles was synthesized by a mod-
ified hydrothermal method in Teflon-line stainless-steel
autoclave following an annealing process. Typically,
4.5 mmol of Co(NO,),-6H,0, 4 mmol of NH,F and
20 mmol of urea were dissolved in 45 mL of distilled
water and stirred for 20 min to obtain a homogeneous
aqueous solution. Next, Ni foam (2 cmx5 cmx0.1 cm)
was degreased and cleaned with acetone, HCI (6 mol L,
alcohol and DI in an ultrasound bath for 20 min, re-
spectively. After that, the prepared solution and the re-
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freshed Ni foam were moved into an autoclave with the
capacity of 60 mL, maintained at 110°C for 6 h. Follow-
ing, the Ni foam coated with pink precursors was rinsed
with distilled water and ethanol, and then dried at 60°C
for 6 h. Finally, the obtained sample was put into a tube
furnace at 300°C for 2 h in air to obtain the sample of
Co0;0,. The mass loading of Co;0, on Ni foam is about
3mgcm™.

Synthesis of the hybrid Co;0,/NiCo,0, nanosheets
sandwiched by nanoneedles

NiCL-6H,0 (0.84 molL™") was dissolved in 40 mL of
distilled water and stirred to form a homogeneous solu-
tion. A Ti plate (1 cmx1 cm) and the Ni foam coated with
Co;0, were used as the counter and working electrodes,
respectively. At the same time the electrolyte was main-
tained at 55°C. Then, a current density of 10 mA cm ™ was
used in two electrode systems for 60 s. Next, the obtained
samples were washed with alcohol for three times and
then dried at 60°C for 6 h. Compared with the pure Ni
foam, the total mass loading after electrochemical treat-
ment is about 3.05 mg cm .

Assembly of Co;0,/NiCo,0,//carbon cloth asymmetric
supercapacitors
The asymmetric supercapacitor (ASC) was fabricated by
assembling with Co,;0,/NiCo,0, electrode as the positive
electrode, carbon cloth (Shanghai Lishuo Composite
Material Technology Co., Ltd., Shanghai 200335, China.)
as the negative electrode, cellulose paper as the separator
and the KOH (1 mol L") aqueous solution as electrolyte.
In order to meet the charge balance, the area ratio of
the Co0;0,/NiCo,0, electrode and carbon cloth electrode
should follow the equation [18]:

A 1A= (C XAV )/ (C xAV), (M

where A is the active area of the electrode, AV is the
potential range for the discharging process and C is the
areal capacitance of the electrode material. Considering
the equation above, the area ratio of Co;0,/NiCo,0, to
carbon cloth is calculated to be 1:0.6.

Material characterizations

The microstructure and morphology were investigated by
field emission scanning electron microscopy (FE-SEM,
Hitachi S-4800) and transmission electron microscopy
(TEM, FEI Tecnai F30, operated at 300 kV). The chemical
component was analyzed on a multifunctional X-ray
photoelectron spectroscope (XPS, PHI-5702, Mg Ka X-
ray, 1253.6 eV). The crystal structure of the samples was
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determined using X-ray diffraction (XRD, Cu Ka irra-
diation, 1=0.154056 nm) with a SIEMENS D5000 X-ray
diffractometer.

Electrochemical measurements

The electrochemical tests were carried out in a three-
electrode system in 1mol L' KOH electrolyte. The
sample, Pt plate and Ag/AgCl were used as working
electrode, counter electrode and reference electrode, re-
spectively. The electrochemical performances were tested
in an electrochemical workstation (CHI660E, CH In-
strument In., Shanghai) by the techniques of electro-
chemical impedance spectroscopy  (EIS), cyclic
voltammetry (CV) and galvanostatic charge-discharge
(GCD).

The areal capacitances C were calculated from GCD

curves according to the equation [3]:

C=IxAt/(SxAV), )
where I is the constant discharge current density, At the
discharge time, S the area of the active electrode and AV
the voltage drop upon discharging.

The specific capacitances C,, were calculated from areal
capacitance C according to the equation:

C,=Clm, 3)
where m is weight of the active electrode material.

The energy density (E) and power density (P) of the
device are calculated according to the equations below
[29]:

E=CxAV?/(2%3.6), “4)

P=Ex3600/At, ®)

where C is the areal capacitance of the ASC, V the ef-

fective volume of the ASC, AV the operating voltage
window and At the discharge time.

RESULTS AND DISSCUSSION
Morphology and structure

Fig. 1 illustrates the formation process of the hybrid
Co0;0,/NiCo,0, nanocomposites. The Co;O, nanosheets

Hydrothermal

Annealing

Ni foam

Co,0, nanosheets

sandwiched by nanoneedles were firstly grown on the Ni
foam substrate by a facile hydrothermal treatment and
followed with annealing treatment. The formation me-
chanism of the unique nanostructure can be explained as
follows [30]. The ammonium fluoride is hydrolyzed to
generate hydrofluoric acid and ammonia in hot water
forming a strongly acidic system. Compared with na-
nosheets, the nanoneedles are much easier to be etched by
strong acid, which caused the formation of nanosheets in
the early stages of the reaction. When the reaction is
proceeding, the ammonium fluoride is gradually con-
sumed, resulting in the formation of nanoneedles. Even-
tually, the unique 3D nanosheets sandwiched by
nanoneedles are formed. Then, the as-prepared Co;0O,
sample was treated using the electrochemical ion ex-
change in NiCl, solution to obtain hybrid Co;0,/NiCo,0,
nanosheets while maintaining its pristine morphology.
For the Co,0O, sample, the low-magnification SEM
image (Fig. 2a) shows a typical 3D structure with the
vertical nanosheets growing densely and homogeneously
on the surface of Ni foam over a large-scale. As presented
in the Fig. 2b for the high magnification, it can be ob-
served that each of Co,O, nanosheet is sandwiched by
interconnected and overlapped nanoneedles, which can
effectively increase the specific surface of the electrode.
Moreover, such 3D nanostructure can contribute to the
easy accessibility of electrolyte ions to the surface of active
materials, resulting in the enhancement of the electro-
chemical properties [27,29]. The TEM image in Fig. 2c
demonstrates that the Co;O, nanoneedle with the dia-
meter of ~70 nm is composed of interconnected nano-
crystallites with the diameters ranging from 8 to 12 nm.
The gap between the nanocrystallites can serve as ion
transfer speedways and shorten the diffusion distance of
electrolyte ions, which is beneficial for the enhancement
of rate capability [21]. The lattice fringes with the inter-
planar spacing of 0.285 nm could be clearly observed in
high-resolution TEM (HRTEM) image as shown in the
inset of Fig. 2¢, corresponding to the (220) lattice plane of
Co;0, crystals. As shown in Fig. 2d, XRD measurement

Electrochemical

ions exchange

Hybrid Co,0,/NiCo,0, nanosheets

Figure 1 Schematic illustration of the fabrication process for Co;0,/NiCo,0, nanosheets sandwiched by nanoneedles grown on Ni foam.

1170

December 2017 | Vol.60 No. 12

© Science China Press and Springer-Verlag Berlin Heidelberg 2017



SCIENCE CHINA Materials

ARTICLES

Intensity (a.u.)

PDF#42-1467 Co,0,

| | L] Illlllllllll
10 20 30 40 50 60 70 80 90
26 (%)

Figure 2 SEM (a, b) and TEM images (c) of Co;0, sample (inset: HRTEM image), XRD pattern of the Co,O, sample (d).

was employed to further confirm the synthesis of Co;0,.
Three strong diffraction peaks are located at 44.4°, 51.6°
and 76.1°, respectively, which are ascribed to the Ni foam
substrate. The other diffraction peaks are observed at
31.2° 36.8° 59.3° and 65.2°, which could be identified as
(220), (311), (511) and (400) crystal planes of Co,O,
(JCPDS No. 42-1467), respectively, in accordance with
the result of HRTEM.

After electrochemical treatment, the morphology and
structure of the sample was characterized by SEM and
shown in Fig. 3a, b. Compared Fig 2a, b for Co;0, with
Fig 3a, b for Co;0,/NiCo,0,, little changes can be ob-
served, indicating that the electrochemical ions exchange
hardly affect its initial morphology. To confirm the for-
mation of Co;0,/NiCo,0,, a series of characterizations
were carried out. As shown in Fig. 3¢, the TEM image of
Co0;0,/NiCo,0, reveals that there is no other substance
on the surface after electrochemical ion exchange. Be-
sides, the surface becomes unclear due to the desorption
of Co*" and the adsorption of Ni**. The HRTEM (inset)
reveals that the lattice fringe spacing is 0.245 nm, close to
the theoretical interplanar spacing of spinel NiCo,O,
(311) planes, indicating the existence of NiCo,0,. The
composition of the as-prepared sample was confirmed by
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energy-dispersive X-ray spectrometer (EDX) (Fig. S1) and
the atom ratio of Ni:Co is about 0.8:2.2, which is lower
than the stoichiometric ratio of Ni/Co in NiCo,0,. Ac-
cording to the previously reported literature, Co ions of
the spinel Co,O, can be replaced by Ni ions to form
NiCo,0, [15]. However, when the reaction is insufficient,
there is the partial existence of Co;0,, leading to the
deviation of the stoichiometric ratio of Co/Ni and the
formation of hybrid Co;0,/NiCo0,0,. Moreover, the
crystal phase change of nickel cobalt oxide was in-
vestigated by XRD analysis as presented in Fig. 3d. All of
these identified peaks are indexed to the standard pat-
terns of NiCo,0, (JCPDS No. 42-1457) and Co;0,
(JCPDS No. 42-1467), indicating that the introduction of
nickel ions does not change the spinel structure of the
samples [21,31]. According to the results above, it can be
concluded that partial Co ions of the spinel Co;0O, are
replaced by Ni ions during the electrochemical process
while maintaining its crystal structure and morphology,
which lead to the formation of the hybrid spinel Co,0,/
NiCo,0, nanocomposites [22,23,27,28].

XPS test was used to further confirm the surface
elemental composition of the Co;0,/NiCo,0, and the
results are presented in Fig. 4. The peak signals of Co 2p,
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Figure 3 SEM (a, b) and TEM images (c) of Co0;0,/NiCo,0, sample (inset:

Ni 2p and O 1s can be obviously observed in Fig. 4a. As
displayed in Fig. 4b, the characteristic peaks of Co 2p
spectrum accompanied by two shakeup satellite peaks
(Sat) are clearly discerned, and it is successfully divided
into four peaks at 781.2/793.3 eV and 779.9/794.9 eV by
using Lorentzian-Gaussian fitting method, which are the
existing proof of Co’* and Co™, respectively [15,32]. As
for the spectrum of Ni 2p (Fig. 4c), there are also two
main spin-orbital peaks (Ni 2p,, and Ni 2p,,; at 854.8
and 872.4 eV, respectively) and two shakeup satellites
and the results are consistent with other reports, in-
dicating the presences of Ni** and Ni’* [33,34]. The ex-
istent of Ni’* may stem from the defect and cation
vacancy of Co’" [21]. These results confirm the trans-
formation from Co;0, to the NiCo,O,, corresponding to
the results of high-magnification TEM and XRD. In Fig.
4d, the spectrum of O 1s was divided into four compo-
nents. The O1 peak located at 529.4 eV is attributed to
metal-oxygen bonds, suggesting the presence of Ni-Co-
O; the O2 peak centered at 531.2 eV is usually ascribed to
the presence of defect sites with minimum oxygen co-
ordination of the material; the O3 and O4 peaks can be
associated with the oxygen in hydroxyl group on the
surface of sample and the physically adsorbed or chemi-
sorbed water, respectively [35,36].
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HRTEM image), XRD pattern of the Co,0,/NiCo,0, composite (d).

Electrochemical performance

To highlight the merits of our electrode design, both of
the Co;0, and Co0;0,/NiCo,0, were tested as the positive
electrode in a three-electrode system in 1 mol L' KOH
electrolyte. Fig. 5a presents the CV curves of the pristine
Co0,0, and Co0,;0,/NiCo,0, electrodes at a scan rate of 10
mV s~ The redox peaks are obvious in the CV plots of
both electrodes, indicating the pseudocapacitance of
Co;0, and Co;0,/NiCo,0, Compared with the pure
Co;0, electrode, the hybrid Co;0,/NiCo,0, electrode
shows stronger redox peaks, which are associated with the
Faradaic redox reactions related to M-O/M-O-OH,
where M refers to Ni or Co while the redox peaks of
Co;0, only come from Co [14]. Fig. 5b represents the
GCD curves of the Co,0, and Co0;0,/NiCo,0, electrodes
at a current density of 1 mA cm™. It can be observed that
the Co0,0,/NiCo,0, exhibits slower and more linear var-
iation of potential vs. time, confirming the enhanced
pseudocapacitance. Fig. 5¢c shows the CV curves of the
C0;0,/NiCo,0, electrode at various scan rates ranging
from 10 to 50 mV s . A pair of redox peaks can be even
observed at a high scan rates, which reveals that the
C0,0,/NiCo,0, electrode is favorable for fast redox re-
action and ions diffusion [37,38]. With the increase of
scan rates, the anodic peak shifted to higher potential

December 2017 | Vol.60 No. 12

© Science China Press and Springer-Verlag Berlin Heidelberg 2017



SCIENCE CHINA Materials

ARTICLES

a Ni 2p
02p

3
X
= 1s
2 C1s
k)
<

1000 800 600 400 200 0

Binding energy (eV)

Intensity (a.u.)

885 880 875 870 865 860 855 850 845
Binding energy (eV)

b

5

8

=

2

K}

£

810 805 800 795 790 785 780 775
Binding energy (eV)

d
o2 o1

. o3

5

s

2 o4

2

o

= :‘J—&

536 534 532 530 528 526

Binding energy (eV)

Figure 4 XPS spectra of Co;0,/NiCo,0, nanosheets. The entire spectrum (a) and the narrow spectra of Co 2p (b), Ni 2p (c) and O 1s (d).

while the cathodic peak shifted to lower potential. This is
mainly derived from the internal resistance of the elec-
trode and the polarization caused by high scan rates
[21,39]. Fig. 5d provides the GCD profiles of the Co;0,/
NiCo,0, electrode at different current densities ranging
from 1 to 50 mA cm™. The charging and discharging
curves show fairly linear slopes at 0.4 and 0.35V, re-
spectively, confirming again the superior pseudocapaci-
tance, which is consistent with CV curves. Moreover,
even at high current density, the GCD curves are still
highly symmetric, indicating an excellent electrochemical
reversibility of Co;0,/NiCo,0, electrode. According to
the GCD curves, the areal capacitances of the Co,0,/
NiCo,0, electrode at different current densities were
calculated and shown in Fig. 5e. The areal capacitances of
3.2 (~1060 F g’l), 3.1 and 2.8 Fcm™ are obtained at the
current densities of 5, 10 and 30 mA cm, respectively.
Typically, the highest areal capacitance of the Co,0,/
NiCo,0, electrode is 3.3 F cm™ (~1080 F g') with a high
mass loading of ~3.05mgcm™ at a current density of
1 mA cm™, almost four times of the pristine CosO,
electrode (0.80 F cm™). In comparison with the pristine
Co;0, electrode, the hybrid Co;0,/NiCo,0, electrode
shows an immense enhancement of the areal capaci-
tances, which is due to: (1) the synergistic effect of Co;0,
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and NiCo,0, provides richer redox chemistry than in-
dividual binary oxide, leading to a higher specific capa-
city; (2) the activity of Co ion could be significantly
increased by Ni ions in ternary oxide, resulting in the
enhancement of electrochemical performance [40]; (3)
the enhanced conductivity caused by the introduction of
Ni ions [41]. Besides, the capacity is much higher than
those of the previously reported nickel cobalt oxide
electrodes such as 2.01 Fcm™ for NiCo,0, nanowires
[42], 2.04 Fem™ for Co,0,@NiCo,0, nanowires [26],
which can be attributed to the reasonable design of hybrid
C0;0,/NiCo0,0,. A capacitance retention of 84% is ob-
tained for the Co;0,/NiCo,0, electrode at a high current
density of 30 mA/cm’, indicative of excellent rate cap-
ability. Compared with the pristine Co;0, electrode (69%
retention at current density of 50 mA cm), the 74% re-
tention for the Co;0,/NiCo0,0, electrode at the same
current density indicates the importance of Ni ion in
enhancing the rate stability. In addition, the rate stability
is also much better than those of the reported Co-Co,0,
nanowires (57.1% at current density of 40 mA cm™) [43]
and NiCo,0,@rGO hybrid nanostructures (82% at cur-
rent density of 20 mA cm™) [44], which may be ascribed
to the unique 3D structure of the combination of na-
nosheets and nanoneedles. The Nyquist plots of Co;0,/
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Figure 5 Electrochemical performance of Co;0, and hybrid Co,0,/NiCo,0,. CV curves at a scan rate of 10 mV s™' (a) and GCD curves at a current
density of 1 mA cm™ (b) of the pristine Co,0, and C0,0,/NiCo,0, electrodes; CV curves (c) and GCD curves (d) of Co;0,/NiCo,0, electrode; areal
capacitance as a function of current density for the pristine Co,0, and Co,0,/NiCo,0, electrodes (e); cycling stability of the C0,0,/NiCo,0, electrode
at a current density of 70 mA cm, inset: the areal capacitances of Co;0,/NiCo,0, electrode at different current densities before and after testing (f).

NiCo,0, and Co;0, electrodes and the equivalent circuit
diagram used for fitting the EIS data are displayed in Fig.
S2. The equivalent circuit includes internal resistance R,
charge transfer resistance R and the electric double layer
capacitance Cy. The fitted values are shown in Table S1.
In the low frequency region, they have a similar vertical
line, indicating a more ideal capacitive property [45]. In
the high frequency region, the internal resistance of the
Co0;0,/NiCo,0, (0.25 Q) is lower than that of the pristine
Co;0, electrode (2.31 Q), which is deduced by the in-
troduction of the Ni ions. Moreover, the R, of the Co,0,/
NiCo,0, is 1.96 Q, smaller than that of the Co;0,
(2.85 Q), confirming that the hybrid nanostructure of the
Co;0, and NiCo,0, electrode can effectively reduce the
charge transfer resistance. As shown in Fig. 5f, the cycling
stability of the Co;0,/NiCo,0, electrode was examined
using GCD test at a high current density of 70 mA cm™
for 5000 cycles. The capacitance retention is 84% after
5000 cycles, indicating a good cycling stability. The insert
section shows the areal capacitances of Co;0,/NiCo,0O,
electrode at different current densities before and after
cycle test and the slight change confirms again the ex-
cellent cycling stability of the electrode.

To further investigate the energy storage capacity of the
Co0,0,/NiCo,0, electrode for practical applications, an
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asymmetric supercapacitor (ASC) was assembled using
the Co0,;0,/NiCo,0, electrode as the positive electrode
(1 cmx1 cmx0.1 cm), commercial carbon cloth (1 cmx
0.6 cmx0.05 cm) as the negative electrode and 1 mol L™
KOH aqueous solution as the electrolyte (Fig. 6a). The
commercial carbon cloth was directly used as the negative
electrode material without any treatment. In our previous
work, the electrochemical properties of this carbon cloth
have been studied in detail [46] and its CV and GCD
curves are shown in Fig. S3. Fig. S4 shows the CV curves
of the carbon cloth and Co;0,/NiCo,0, electrode at a
scan rate of 10 mV s, which confirm that the ASC can
operate at the voltage of 1.6 V. Fig. 6b presents the CV
curves of the device at different scan rates with the voltage
window ranging from 0 to 1.6 V. The irregular shape is
caused by the double contribution of electric double-layer
capacitance and pseudocapacitance, which derive from
the carbon cloth and active materials, respectively [47].
With the increasing scan rates from 10 to 100 mV s ™', no
obvious distortion can be observed in the CV curves,
confirming the rapid ions diffusion in the aqueous elec-
trolyte. GCD curves of ASC at a series of current densities
ranging from 1 to 30 mA cm™ are illustrated in Fig. 6c.
The areal capacitances of the ASC reached 1.2, 1.1 and
0.7 Fcm™ at current densities of 1, 10 and 50 mA cm 2,
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Figure 6 Electrochemical performances of ASC based on Co;0,/NiCo,0,//carbon cloth. Schematic illustration of the device structure for the device
(a); CV curves of the ASC at various scan rates (b); GCD curves of the ASC at different current densities (c); Nyquist plot for the device recorded from
0.01 Hz to 1 MHz and equivalent circuit diagram used for fitting the EIS (d); comparison in a Ragone plot of the volumetric energy densities and
power densities reported in previous references and those of our ASC device (e); image of a safety light composed of ten green LEDs in parallel lighted

by two ASCs in series (f).

respectively. It is noteworthy that the areal capacitance of
ASC retains 58.3% of its initial capacitance at the current
density of 50 mA cm™ as shown in Fig. S5, and the ca-
pacitance still remains at 45.0% even at large current
density of 150 mA cm ™, demonstrating extremely super-
ior rate stability. To further investigate the electro-
chemical properties of the asymmetric device, the Nyquist
plot is fitted according to the equivalent circuit in Fig. 6d.
CPE is the constant phase elements and is used to offset
the nonhomogeneity of the system. In the low-frequency
portion, the slope of the curve is more than 79°, revealing
the fast electrolyte diffusion in the asymmetric device [3].
The EIS fitting results reveal that the internal resistance
and the charge-transfer resistance are 1.14 Q) and 4.38 Q,
respectively, reflecting good interfacial contact between
the electro-active material and the current collector and
rapid ions transfer in the electrode material [48]. The
result is consistent with the outstanding rate stability of
the device. To further investigate its practical application,
the volumetric power and energy density of the ASC were
calculated from GCD curves. The maximum energy
density is 3.0mWhcm™ at a power density of
136 mW cm ™. Even at a high discharge current of
150 mA cm ™, the energy density can still remain
1.5 mW h cm™ at a power density of 1.4 W cm ™, which is

December 2017 | Vol.60 No.12

higher than those of the recently reported devices and the
details are shown in Fig. 6e [10,15,18,49-53]. Fig. S5¢
shows the cycle test of ASC under continuous charge-
discharge tests at a current density of 70 mA cm™. The
capacity retention of the device is 81.4% after 5000 cycles,
demonstrating excellent cycling stability. To demonstrate
the practicability and operability of our ASC, a safety light
composed of ten LEDs in parallel was powered by two
C0,0,/NiCo,0,//carbon cloth devices in series for 360 s
after charging to 3.2 V within 3 min (Fig. 6f).

CONCLUSIONS

We have designed and fabricated a Co0,0,/NiCo,0,
composite electrode through combining the hydro-
thermal and annealing treatments with a novel electro-
chemical ion exchange. The Co;0,/NiCo,0, composite
was obtained by the partial substitution of Co’* of the
Co,0, with active Ni**. When used as positive electrode,
the composite electrode exhibits high capacity, good rate
capability and cycling stability. The good electrochemical
performances are attributed to the synergistic effect be-
tween Co;0, and NiCo,0,, which could provide richer
redox chemistry than individual binary oxide, leading to
higher specific capacity. Moreover, the well-designed
composite electrode could provide good electron and ion
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transport pathways, resulting in rapid and effective redox
reactions. When evaluated as an electrode material for
asymmetric supercapacitor, the as-fabricated Co,0,/
NiCo,0,//carbon cloth device presented a high energy
density of 3.0 mW hcm™ at a power density of 136
mW cm™ and high rate stability. Two devices in series
light ten green LEDs in parallel for ~360 s, indicating a
promising practical application. This work also opens
new opportunities for rational design of composite metal
oxide for high-performance electrochemical storage sys-

tem.
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