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O4@Co9S8 nanowall structures
assembled by many nanosheets for high
performance asymmetric supercapacitors

Lei Xing, Yidi Dong and Xiang Wu *

Herein, we report hierarchical Co3O4@Co9S8 nanowalls assembled by many nanosheets. The as-synthesized

products are characterized in detail using various characterization methods. They can be directly used as

supercapacitor electrodes with excellent electrochemical performance due to the synergy effect between

Co3O4 and Co9S8. Furthermore, a flexible asymmetric supercapacitor is fabricated by using the as-

synthesized Co3O4@Co9S8 structures as the cathode and the active carbon as the anode, which reveals

a specific capacitance of 266.6 mF cm�2 at a current density of 4 mA cm�2. In addition, the supercapacitor

shows an excellent capacity retention rate of 86.5% after 10 000 cycles at a current density of 10 mA

cm�2. Finally, three supercapacitor devices connected in series can light a blue LED lamp for 5 min.
1. Introduction

In recent years, supercapacitors have been a research focus in
the energy storage eld. It is used widely in portable electronic
devices, urban rail transit and uninterruptible power
supplies.1–6 Supercapacitors are also called electrochemical
capacitors, which can be divided in two categories, i.e., electric
double layer capacitors that store energy by adsorption of pure
electrostatic charge on the surface of the electrode, and pseu-
docapacitors where reversible redox reactions occur at the
surface and near the surface of the electrode material. They
inherit the advantages of traditional capacitors with high power
density and overcome the disadvantages of low capacitance and
complex circuit structure.7,8 Compared with traditional
batteries, supercapacitors possess characteristics of high
charging–discharging speed and long cycle life.9–11

In general, pseudocapacitor electrode materials such as
metal oxides and conductive polymers present higher specic
capacitance than double electric layer capacitors.12,13 Recently,
various pseudocapacitor electrode materials such as transition
metal oxides and sulphides,14–18 conductive polymers,19

hydroxides20,21 have been reported. Among them, transition
metal oxides have relatively high specic surface areas, short
electron and ion transmission channels.22 Especially, Co3O4

nanomaterials have received extensive attention due to their
excellent electrochemical performance with high theoretical
specic capacitance (3560 F g�1). However, in practice appli-
cation, single Co3O4 materials possess poor electrode stability
and low cyclic stability.23,24 Therefore, one has designed various
hybrid structures to use their synergetic effect to improve the
ng, Shenyang University of Technology,
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electrochemical properties of Co3O4 nanomaterials. Du et al.
successfully synthesized porous Co3O4 nanosheets@RGo
nanocomposite using a simple hydrothermal process. The
electrode material exhibits excellent specic capacitance of 894
F g�1 at a current density of 1 A g�1.25 Zhang et al. adjusted
surface composition and defects of Co3O4 electrode material by
controlling the calcination temperature to improve the elec-
trochemical performance. The electrode material shows a high
specic capacitance (739 F g�1 at 5 mV s�1) and has excellent
cycle stability.26

Herein, we successfully fabricated hierarchical Co3O4@Co9-
S8 nanowalls on the nickel foam by a continuous hydrothermal
method and used them as the cathodes for a exible and quasi-
solid supercapacitor. In this heterostructure, the original Co3O4

nanosheets will serve as the support skeletons for Co9S8 growth.
The Co9S8 layers are not only can enhance the capacitance but
also acts as a conductive layer to shorten the ion diffusion
distance. The detailed electrochemical tests show that the
specic capacitances can reach 4523.6 mF cm�2 and 1512.7 F
g�1 at current density of 4 mA cm�2 and 4 A g�1. An asymmetric
supercapacitor is assembled using Co3O4@Co9S8 nanowalls
electrode as the cathode and activated carbon (AC) as the anode
material, respectively. The fabricated supercapacitor shows
good electrochemical performance with the energy density of
0.416 mW h cm�3 when power density reach 14.994 W cm�3.
2. Experimental details
2.1 Material preparation

For the synthesis, all the chemicals were analytical grade and
used as received without further purication. Co3O4 nanowalls
were grown on nickel foam by a simple hydrothermal method.
In order to remove the oxide layer from nickel foam, it was
This journal is © The Royal Society of Chemistry 2018
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treated with 2 M hydrochloric acid followed by ultrasonic
cleaning using distilled water and alcohol, sequentially. In
a typical synthesis process, 0.582 g of Co(NO3)2, 0.185 g of NH4F
and 0.6 g of urea are dissolved in 60 ml of distilled water and
stirred for 30 min to form a stable suspension. The solution was
then transferred to a Teon-lined stainless steel autoclave and
the pre-treated nickel foam was immersed in the aqueous
solution. The autoclave was then sealed and heated to 120 �C for
6 h. Aer completing the reaction at desired time, the autoclave
was cooled to room temperature and the as-obtained product
was washed several times to remove un-reacted reactants. The
product was nally dried at 60 �C for 6 h and calcined at 350 �C
for 2 h in a muffle furnace. Hierarchical Co3O4@Co9S8 nano-
walls were synthesized via a same hydrothermal process. In
detail, 0.35 g Na2S$2H2O, 50 ml DI water and the as-prepared
Co3O4 nanosheet on Ni foam were placed into a 100 ml
Teon-lined autoclave. The temperature was maintained at
120 �C for 6 h and then cooled down to room temperature
naturally.

2.2 Material characterizations

The phase and crystallinity of the as-prepared products were
characterized by X-ray powder diffraction (XRD, Rigaku Dmax-
rB, Cu-Ka radiation, l ¼ 0.1542 nm, 40 kV, 100 mA). The
morphology and microstructure of the as-synthesized samples
were studied by scanning electron microscopy (Gemini SEM
300) and the chemical bonding states of the samples were
examined using XPS measurements. The electrochemical
workstation (CHI660E) was used to test the electrochemical
properties.

2.3 Electrochemical measurements

Electrochemical tests of Co3O4 and Co3O4@Co9S8 product as
the working electrode were performed in 2 M KOH aqueous
solution using a three-electrode system. The counter and
reference electrodes were Pt electrode and Hg/HgO electrode,
respectively. The working electrode area was 0.785 cm2, and the
average load capacity of Co3O4@Co9S8 nanowalls in nickel foam
was 2.70 mg cm�2. The work voltage was applied in the range of
0 to 0.55 V, and the curve was scanned at 5, 10, 20, 50, 100 mV
s�1, respectively. GCD curves were measured at current densi-
ties of 4, 8, 10, 12 and 20 mF cm�2. The electrochemical
impedance spectra (EIS) studies were performed in the
frequency range from 0.01 kHz to 100MHz with an amplitude of
10 mV. Area capacitance, energy density and power density of
electrode materials were calculated according to the eqn (1)–(4),
respectively as below:

Ca ¼ IDt

DSDV
(1)

Csp ¼ IDt

mDV
(2)

E ¼ 1

2
CV 2 (3)
This journal is © The Royal Society of Chemistry 2018
P ¼ E

Dt
(4)

where I is the constant discharge current, Dt is the discharge
time, DS is the area of the working electrode, DV is the potential
window, Ca is the area capacitance, Csp is the mass specic
capacitance and V refers to the potential changes.
2.4 Flexible asymmetric supercapacitor

To prepare the solid-state ASC devices, solid-state Co3O4@Co9S8
nanowalls//AC devices with Co3O4@Co9S8 nanosheet arrays as
the cathode and AC as the anode. The separator (NKK separator,
Nippon Kodoshi Corporation) and polymer electrolyte using
PVA/KOH gel were used. To optimize the charges between the
two electrodes, the area ratio of Co3O4@Co9S8 nanowalls elec-
trode to AC electrode was 1 : 1. PVA/KOH gel were prepared by
dissolving 5 g of PVA and 3 g of KOH in 50 ml of distilled water
and heated to 80 �C for 1 h under continuous stirring. The
electrode and the separator were immersed in PVA/KOH
electrolyte.
3. Results and discussion

The crystallinity and crystal phases of the as-prepared products
are rst examined by X-ray diffraction. Fig. 1a demonstrates
typical XRD pattern of Co3O4 nanowalls grown on Ni foam. The
diffraction peaks located at 44.6�, 52.0� and 76.6� correspond to
nickel peaks (JCPDS card no. 42-0712) from Ni foam. Several
other diffraction peaks at 31.3�, 36.9�, 55.7�, 59.4� and 65.2�

correspond to (220), (311), (422), (511) and (440) Co3O4 crystal
planes (JCPDS card no. 42-1467), respectively. Fig. 1b shows
XRD pattern of hybrid products. It exhibits several well dened
diffraction peaks. Diffraction peaks at 21.7�, 37.7�, 55.1� are
found to be Ni3S2 (JCPDS card no. 44-1418) due to the reaction
of nickel foam with Na2S$2H2O. Other ve diffraction peaks
located at 29.7�, 39.4�, 44.8�, 61.7� and 73.3� are seen, which
correspond to Co9S8 crystal planes of (311), (331), (422), (622)
and (731), respectively. No characteristic peaks of other impu-
rities are detected, indicating that the as-synthesized Co3O4@-
Co9S8 products have high purity. The well-dened and strong
diffraction peaks clearly conrm well crystallinity of the
synthesized samples.

Fig. 1c shows XPS full spectrum of Co3O4@Co9S8 product. The
main ve characteristic peaks of Co, O, S, Ni andC are detected in
XPS spectrum. Fig. 1d presents the Co 2p XPS tting spectrum.
The Co 2p spectrum exhibits two spin–orbit doublets character-
istic of Co2+ and Co3+ and two shake-up satellites. The two major
peaks with a high energy band at 778.7 eV for Co 2p 3/2 and a low
energy band at 794.5 eV for Co 2p 1/2 are in accordance with the
presence of Co3O4@Co9S8. The O 1s spectrum (Fig. 1e) also can
be divided into three peaks centered at 528.0, 528.8 and 529.6 eV,
which correspond to oxygen in the Co3O4, oxygen atoms in
hydroxyl group as well as the absorbed water, respectively. Fig. 1f
clearly demonstrates the XPS spectrum of the S 2p. S can be
further identied by the two distinct 2p peaks at 159.9 eV and
165.9 eV. The XPS results further conrm the presence of Co3O4

and Co9S8 phases in the prepared Co3O4@Co9S8 product.27
RSC Adv., 2018, 8, 28172–28178 | 28173
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Fig. 1 (a) XRD patterns of Co3O4 nanowalls (b) XRD patterns of Co3O4@Co9S8 nanowalls (c) XPS spectra of as-synthesized Co3O4@Co9S8
nanowalls (d–f) XPS survey scan of Co 2p, O 1s and S 2p regions, respectively.

Fig. 2 (a and b) SEM images of Co3O4 nanowalls grown on Ni foam (c and d) SEM images of Co3O4@Co9S8 nanowalls.

28174 | RSC Adv., 2018, 8, 28172–28178 This journal is © The Royal Society of Chemistry 2018
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The morphology of Co3O4 nanowalls and Co3O4@Co9S8
nanowalls are observed using SEM. Fig. 2a and b show the
general morphology of Co3O4 nanosheets on nickel foam. It can
be clearly seen that Co3O4 nanosheets are woven by many
nanowires. The surface texture of the nanosheets is not uniform
and clearly showing porous characteristic. Co3O4 nanosheet
thickness is about 20 nm. Fig. 2c and d show SEM images of
Co3O4@Co9S8 nanowalls. Many Co3O4@Co9S8 nanosheets are
well aligned on Ni foam. The typical thickness of Co3O4@Co9O8

nanosheets is in the range of 30 � 5 nm.
Electrochemical properties of Co3O4 and Co3O4@Co9S8

nanowalls in 2 M KOH aqueous solution are studied. Fig. 3a
shows the cyclic voltammetry of Co3O4, Ni3S2 and Co3O4@Co9S8
product at sweep rate of 100 mV s�1. It can be seen that all
samples present pseudocapacitive CV curves. Remarkably, the
contribution from Ni3S2 can be negligible due to the small
integrated area. At the same time, the closed area of CV curve of
Co3O4@Co9S8 electrode is much larger than that of the original
Co3O4. The improved capacitance results from the increased
reactive sites due to a plenty of Co9S8 nanocrystals wrapped over
the Co3O4 nanosheet effectively. As shown in Fig. 3b, the gal-
vanostatic charging/discharging measurements of Co3O4, Ni3S2
Fig. 3 (a) CV curves of Co3O4 nanowalls, Ni3S2 samples and Co3O4@
discharge curves collected for the Co3O4 nanosheets, Ni3S2 and Co3O4@
Ni3S2 and Co3O4@Co9S8 electrodes (d) CV curves of Co3O4@Co9S8 na
O4@Co9S8 nanowalls at different current densities (f) specific capacitanc
different current densities (g) cycling performance and capacitance rete
a current density of 20 mA cm�2.

This journal is © The Royal Society of Chemistry 2018
and Co3O4@Co9S8 product are further conducted at current
density of 4 mA cm�2. As expected, the Co3O4@Co9S8 electrode
exhibits much longer discharging time than Co3O4 electrode.
According to the formula (1), area capacitance Co3O4@Co9S8
product can reach 4523.6 mF cm�2. The capacity of Co3O4 and
Ni3S2 reach only 464.2 mF cm�2 and 111.2 mF cm�2. The main
reason for the increase in capacity may be the synergy effect
between the Co3O4 and Co9S8.28 Fig. 3c shows the electro-
chemical impedance spectroscopy (EIS) of the original Co3O4,
Ni3S2 and Co3O4@Co9S8 product. It can be observed that the
Nyquist plots consist of a linear part in low frequency region
and a semicircle part in high frequency region. The slope of the
straight line in the low-frequency region is associated with the
diffusive resistance. Their nearly vertical slope demonstrates
the fast ion diffusion and the ideal capacitive behavior of these
electrodes. Besides, the intercept of the plots at the X axis in
high-frequency range represents the equivalent series resis-
tance (ESR) of the electrodes. The intercept of the Nyquist curve
on the real axis is about 0.76 U, indicating that Co3O4@Co9S8
electrode has good conductivity and low internal resistance.
Similarly, the Co3O4@Co9S8 nanosheet arrays electrode shows
much smaller semicircle diameter in high-frequency range than
Co9S8 electrodes collected at 100 mV s�1 (b) galvanostatic charge–
Co9S8 electrodes at 4 mA cm�2 (c) Nyquist plots of Co3O4 nanosheets,
nowalls at different scan rates (e) charge–discharge behavior of Co3-
e and areal capacitance of the as-obtained Co3O4@Co9S8 nanowalls at
ntion of Co3O4@Co9S8 nanowalls and Co3O4 nanosheets electrode at

RSC Adv., 2018, 8, 28172–28178 | 28175
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that of Co3O4 electrode. The low Rct is benecial to fast charge
transfer, which is derived from excellent inltration of electro-
lyte and the shortened diffusion path of ions.29

In order to study the inuence of the scan rates on the
electrochemical performance of Co3O4@Co9S8 electrode, CV
curves of the samples are performed at various scan rates
ranging from 5 to 100mV s�1, as shown in Fig. 3d. It can be seen
that the redox peaks of Co3O4@Co9S8 electrode move to both
sides as the scan rate increases due to the polarization effect of
the electrodes. In order to get more information about the
performance of Co3O4@Co9S8 electrodes, a series of charge–
discharge test are carried out at a voltage range of 0–0.55 V with
current densities of 4, 8, 10, 12 and 20 mA cm�2. As shown in
Fig. 3e, all the galvanostatic charging/discharging plots show
a typical nonlinear behavior at different current densities
ranging from 4 to 20 mA cm�2, revealing pseudocapacitive
nature of the samples. Fig. 3f shows the area specic capaci-
tance of Co3O4@Co9S8 electrodes at different current densities.
The area capacitances of Co3O4@Co9S8 electrodes are 4523.6,
4232.7, 4127.2, 4036.3 and 3781.8 mF cm�2 at current densities
of 4, 8, 10,12 and 20 mA cm�2, respectively. Similarly, according
to formula (2), the mass specic capacitance of Co3O4@Co9S8
electrodes are 1512.7, 1396.3, 1330.9, 1289.4 and 1134.5 F g�1 at
current densities of 4, 8, 10,12 and 20 A g�1 respectively. To test
the cycle stability of the as-prepared samples, the repeated
charge and discharge cycled are performed at a current density
of 20 mA cm�2, as shown in Fig. 3g. Their specic capacitance
gradually increases in the initial phase, which might be attrib-
uted to gradual activation of the active materials. Aer 10 000
charge and discharge cycles the specic capacitance reduce to
4057.6 mF cm�2, which is equivalent the retention rate of
Fig. 4 (a) CV curves of Co3O4@Co9S8 electrode and AC electrode co
nanowalls//AC ASC device collected within various operation voltage win
device collected at various scan rates (d) charge–discharge curves of
various current densities (e) area specific capacitance of Co3O4@Co9S8
Co3O4@Co9S8 nanowalls//AC ASC.

28176 | RSC Adv., 2018, 8, 28172–28178
89.7%. The excellent cycling stability is mainly attributed to
many vacancies, from rough surface effect, which can not only
lead to more contact area with the electrolyte, but also accom-
modate possible volume change during cycling process.30,31

To further investigate the practical application of the as-
synthesized electrode materials, a asymmetric supercapacitor
is assembled using AC as anode, Co3O4@Co9S8 nanowalls as
cathode and the typical PVA/KOH as gel-like electrolyte (deno-
ted as Co3O4@Co9S8//AC ASC). According to the charge balance
(q+ ¼ q�), the mass balance between the positive and negative
electrode can be obtained via m�/m+ ¼ (C+ � DV+)/(C� � DV�),
where C+ and C� is the capacitance of the electrodes, DV+ and
DV� is the corresponding voltage range for charging–discharg-
ing process, hence the loading mass of AC electrode is �14.4
mg cm �2 aer balance. Before assembling, CV curves of both
AC electrode and Co3O4@Co9S8 electrode are tested at the scan
rate of 100 mV s �1 in a three-electrode system, as shown in
Fig. 4a. Based on the single-electrode CV curve, AC and Co3-
O4@Co9S8 product provide a stable voltage window between �1
to 0 V and 0–0.55 V, respectively. Therefore, when assembled
into a exible asymmetric supercapacitor, the operating voltage
could be extended to approximately 1.6 V. Fig. 4b shows the CV
curve of Co3O4@Co9S8 nanowalls//AC ASC at a swept rate of
100 mV s�1 and a voltage window of 0.9–1.6 V. All the curves
show that Co3O4@Co9S8 nanowalls//AC ASC operates at a 1.6 V
operating voltage. From Fig. 4c, the as-prepared asymmetric
supercapacitor is tested at various scan rates ranging from 10 to
50 mV s�1 in the potential window of 0 to 1.5 V. As the scan rate
increased, closed areas are augmentative while the shapes
remain quasi-rectangular. The quasi-rectangular CV geometry
indicates the obvious redox characteristics. Galvanostatic
llected at 50 mV s�1 (b) CV curves of the optimized Co3O4@Co9S8
dows (c) CV curves of the optimized Co3O4@Co9S8 nanowalls//AC ASC
the optimized Co3O4@Co9S8 nanowalls//AC ASC device collected at
nanowalls//AC ASC device at different sweep rates (f) Ragone plot of

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) CV profile of the fabricated flexible ASC cell with different bending angles at a scan rate of 100mV s�1 (b) image of the bent cells (c) the
photograph of the device in series lighting the blue LED (d) cycling performance of Co3O4@Co9S8//AC ASCs collected at a current density of 10
mA cm�2 for 10 000 cycles, and the inset is galvanostatic charge/discharge curves at the first and the last 5 cycles.
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charging/discharging testing of Co3O4@Co9S8//AC ASC under
various current densities are shown in Fig. 4d. The charge–
discharge curves are almost symmetrical, revealing the perfect
electrochemical behavior of the as-prepared asymmetric
supercapacitor. Fig. 4e shows area specic capacitance of 266.6,
252.0, 242.0, 221.3, 211.2 mF cm�2 at the current density of 4, 6,
8, 10, 12 mA cm�2, respectively. Fig. 4f is a Ragone plot based on
energy density and power density of a asymmetric super-
capacitor. At a current density of 4 mA cm�2, its power density is
14.99 W cm�3, and its maximum energy density is 0.416 mW h
cm�3, which is superior to the previously reported.32–36

Excellent mechanical performance of supercapacitor device is
particularly important in portably exible electronic products.
Therefore, to further study the mechanical exibility of the as-
fabricated Co3O4@Co9S8 nanowalls//AC ASCs device under real
conditions, a device bended experiments at various angles and its
CV measurements are carried out. Fig. 5a shows the pictures of
the ASC device with a bending angle of 0�, 45�, 90�, and 180�, the
corresponding CV curves at a scan rate of 100 mV s�1 is showed
in Fig. 5b. The shape and the area of CV curves remain almost the
same, revealing that the hybrid electrode has excellent mechan-
ical properties. To further test the feasibility of practical appli-
cation of Co3O4@Co9S8//AC ASC, the devices are used to drive
a 5 mm diameter LEDs, as shown in Fig. 5c. The ASC can
successfully power one LEDs (3.2 V) for 5 min aer full charging.
Furthermore, the cycling performance of Co3O4@Co9S8//AC ASCs
is also a key factor to evaluate the supercapacitor performance,
and thus the ASC device is cycled for 10 000 cycles between 0–
This journal is © The Royal Society of Chemistry 2018
1.5 V at a current density of 20 mA cm�2, as seen in Fig. 5d. This
asymmetric supercapacitor device shows excellent long-term
cycle stability with the retention rate of 86.5% aer 10 000 cycles.
4. Conclusions

In summary, Co3O4@Co9S8 nanowalls as supercapacitor elec-
trode materials are successfully synthesized on Ni foam by
a hydrothermal method. Co3O4 nanosheets as the base
substrate for Co9S8 deposition can improve the cyclic stability of
the electrode and the synergistic effect of these electrodes leads
to an excellent electrochemical performance for the as-prepared
Co3O4@Co9S8 nanowalls. Assembled asymmetrical super-
capacitors exhibit high energy density and power density, which
can to drive a blue LED lamp for 5 min. In addition, the
asymmetric supercapacitor has excellent mechanical properties
and long cycle stability.
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