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Multi-dimensional nanomaterials have drawn great interest for application in supercapacitors due to their
large accessible surface area. However, the achievements of superior rate capability and cycle stability
are hindered by their intrinsic poor electronic/ionic conductivity and the erratic structure. Herein, we
develop a three-dimensional hierarchical self-supported NiO/Coz0,@C/CoS; hybrid electrode, in which
NiO/Cos0,4 nanosheets are in situ grown on a nickel foam substrate and combined with CoS,
nanospheres through a carbon medium. The hybrid electrode has a high specific capacity of ~1025 C
g’1 at1A g*1 with a superior rate performance of ~74% capacity retention even at a current density of
30 A g1 Moreover, the assembled NiO/Cos0,@C/CoS,//AC hybrid supercapacitor achieves excellent
performance with a maximum voltage of 1.64 V and a high energy density of 62.83 W h kg™ at a power

density of 824.99 W kg™ and excellent cycle stability performance with a capacity retention of ~92%
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Accepted 1st May 2020 after 5000 cycles. The high electrochemical performance of the hybrid supercapacitor is mainly

attributed to the porous structure of the NiO/Cos0,@C nanosheets and CoS, nanospheres and intimate

DOI: 10.1039/d0na00013b integration of active species. The rational strategy for the combination of various earth-abundant
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1. Introduction

Clean and sustainable energy storage devices have been highly
pursued due to the urgent need to address the issues on air
pollution and insufficient resource storage.'” Among them,
supercapacitors draw tremendous attention because they
possess many appealing properties such as high power density,
fast charge and discharge efficiency and long cycle life.*®
Generally, electrode materials can be divided into capacitive,
pseudocapacitive and battery-type materials according to the
charge storage mechanism. In contrast to the capacitive mate-
rial that originates from the electrostatic accumulation of
surface charge®® and the pseudocapacitive materials that refers
to the case involving a process of rapid reversible faradaic redox
reaction near the electrode interface,”** battery-type materials
are able to deliver higher capacity by means of deep surface
faradaic reactions.”” Of them, battery-type materials have
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nanomaterials paves a new way for energy storage materials.

attracted increasing attention due to their higher capacity and
energy density. In general, the choice of electrode materials of
supercapacitors can largely affect their electrochemical perfor-
mance, including the cycling stability and reversibility in the
reaction.™*

Based on this, transition metal oxides/sulfides can be
utilized as promising electrode materials in virtue of them
being low-cost, environmentally friendly, and rich in valence
states beneficial to the redox reaction.'®'* As a typical transition
metal oxide for a battery-type electrode material, NiO possesses
outstanding electrochemical properties such as a theoretical
specific capacity as high as 2584 F g~'. However, NiO can only
achieve relatively low capacity and compromise the rate capa-
bility due to its intrinsic high resistance nature.”>” Meanwhile,
although the extensively reported transition metal sulfides,
such as CoS,,'® NiS, * and MoS,,* possess higher electronic
conductivity and ability to achieve faster redox reaction relative
to their oxide counterparts due to their large lattice gap and low
band gap, the tendency of agglomeration during preparation
greatly hinders the realization of high specific capacity. More-
over, large volume expansion and the resultant fast capacity
decay also occur due to the irreversible reactions during
repeated cycling.

To address the above issues, some studies attempted to
combine oxides with sulfides as active materials for battery-type
capacitors to improve the electrochemical performance, since
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such a nanocomposite can provide abundant defects and voids
to facilitate the rapid transport of ions and kinetics of surface
reaction at the oxide/sulfide interface.”** In order to make use
of their advantages, strategies of constructing novel core-shell
structures are emerging, such as NiCo,0,@Ni-S,** Co3;0,@-
CoS,* NiC0,0,@NiC0,S,4,>* and MnCo0,0,@Co0S.”” Meanwhile,
the poor conductivity of oxides and instability of sulfides during
long-term cycling can be effectively improved by introducing
highly conductive carbonaceous materials, in virtue of their
ability to enhance the charge transfer rate across the active
material to the current collector and simultaneously provide
buffer space for active sites. Therefore, constructing a transition
metal oxide/sulfide nanocomposite with a highly conductive
carbon medium is a rational way to improve the electrochemical
performance of supercapacitors.

Considering the structure of electrode materials, two-
dimensional (2D) materials have drawn tremendous attention
in recent years due to their high and accessible surface area.”®*®
However, their surface area will be greatly reduced in the
restacking process during synthesis. On the other hand, three-
dimensional (3D) hierarchical structures have been widely used
in energy storage because they can integrate the advantages of
components, possessing large numbers of active sites.

Herein, we report a green and facile strategy to construct
a novel nickel foam supported 3D hierarchical NiO/Co;0,@C/
CoS, hybrid nanostructure as a positive electrode for super-
capacitors. The 3D highly conductive nickel foam (NF) frame-
work provides sufficient room for incorporating high-capacity
NiO/Co0;0,@C/CoS, nanocomposites. The in situ synthesis of
NiO/Co;0, nanosheets on NF through annealing of Ni-Co
layered double hydroxide (LDH) avoids the involvement of
insulating polymer binders commonly used in conventional
capacitors, which can reduce the resistance and dead volume of
the electrode system. The carbon modification enables the
ultra-thin NiO/Co;0,@C nanosheets to act as a skeleton and
conductive agent for CoS,, which can avoid agglomeration of
CoS, during the fabrication process. CoS, enables fast redox
reactions and also provides a more accessible surface area and
electroactive sites for achieving outstanding electrochemical
performance. Benefiting from the synergistic effect of the
constituents, the NiO/Co;0,@C/CoS, electrode has a specific
capacity of 1025 C g " at 1 A g~ ' and superb rate capability of
74% retention at 30 A g~ *. Hybrid supercapacitors based on the
NiO/Co0;0,@C/CoS, positive electrode and active carbon (AC)
negative electrode exhibit outstanding cycling stability.

2. Experimental

2.1. Preparation of the NiO/Co;0,@C/CoS, hybrid electrode

Typically, nickel foam (50 mm x 20 mm x 1 mm) was washed
sequentially with acetone, 3 M HCI solution, distilled water and
absolute ethanol to ensure a clean surface. After cleaning, the
nickel foam was immersed in a solution containing Ni(NO3),-
-6H,0 (0.5 mmol), CoCl,-6H,0 (0.5 mmol), CTAB (1 g), H,O (20
mL) and methanol (20 mL) and placed in an oven at 180 °C for
24 h and then placed in a drying oven at 60 °C for 12 h to obtain
Ni-Co LDH. Then, a piece of nickel foam covered with Ni-Co
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LDH was immersed in a 2.5 mM glucose solution at 180 °C for 6
h, and then annealed at 400 °C for 4 h in a N, atmosphere to
achieve carbon modification. Finally, the specimen was placed
in a solution containing 0.03 M CoCl,-6H,0 and 0.05 M
Na,S,0; at 150 °C for 12 h. After washing with distilled water
and drying at 60 °C, the NiO/Co;0,@C/CoS, nanocomposite
was obtained. The mass loading of the NiO/Co;0,@C/CoS,

nanocomposite in the nickel foam was about 1.6 mg cm ™.

2.2. Materials characterization

The morphology and microstructure of the as-prepared elec-
trode were characterized using a field emission scanning elec-
tron microscope (FESEM, JEOL JSM-6700F, 15 keV) and
a transmission electron microscope (TEM, JEOL JEM-2100F, 200
keV). X-ray diffraction (XRD) patterns were studied using a D/
max 2500pc diffractometer with Cu Ko radiation. X-ray photo-
electron spectroscopy (XPS) was carried out using an ESCALAB
Mk II (vacuum generator) spectrometer with an Al anode.
Raman spectroscopy characterization was performed on
a Renishaw Raman spectrometer using a wavelength of 532 nm
with an intensity of 0.05 mW. The specific area and pore size
distribution were determined by nitrogen adsorption and
desorption using a Micromeritics ASAP 2020 analyzer.

2.3. Electrochemical measurements

All electrochemical properties were investigated at room
temperature in 6 M KOH. For a three-electrode configuration,
platinum foil and a saturated calomel electrode were used as
the counter and reference electrode, respectively. When
studying the electrochemical performance of the assembled
hybrid supercapacitor, the as-prepared nickel foam supported
NiO/Co3;0,@C/CoS, was used as the positive electrode, while
the inexpensive activated carbon (AC) electrode was used as the
negative electrode. The AC electrode was obtained by coating
nickel foam with AC powder, carbon black and polyvinylidene
fluoride (PVDF) with a weight ratio of 85:10:5. Then,
a homogeneous mixture was obtained with the addition of N-
methylpyrrolidone (NMP). The resulting mixture was coated
onto a clean piece of nickel foam and dried at 60 °C for 12 h in
an oven. Cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD) and electrochemical impedance spectroscopy
(EIS) measurements were performed on a CHI 660B electro-
chemical workstation (Shanghai CH Instrument Company,
China), while cycling performance was studied in a Land battery
test system.

3. Results and discussion

3.1. Characterization

As briefly illustrated in Fig. 1, the NiO/Co;0,@C/CoS, hybrid
electrode was fabricated. Scanning electron microscopy (SEM)
and high-resolution transmission electron microscopy
(HRTEM) were carried out to investigate the morphology and
microstructure of Ni-Co LDH, NiO/Co;0,@C and NiO/
C03;0,@C/CoS, specimens. As shown in Fig. S1a and b, Ni-Co
LDH nanosheets are uniformly and homogeneously synthesized

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic illustration of the synthesis of 3D hierarchical NiO/
Co030,4@C/CoS; hybrid nanostructure.

on the NF substrate, with a length of ~600 nm and width of
~270 nm as well as thickness of ~25 nm. The vertically aligned
nanosheets possess an anisotropic structure with a high
surface-to-volume ratio, in favor of the access and transport of
electrolyte ions. After carbon modification, no obvious change
occurs in the morphology (Fig. Sic and df). As shown in
Fig. Sle,t the inter-planar spacing fringes with an interval of
0.24 nm and 0.21 nm are measured, corresponding to the (311)
plane of cubic Co30,4 and the (200) plane of cubic NiO, respec-
tively.*>** The intimate interface of vertically aligned NiO/
Co03;0,@C and the supported NF substrate ensure the possibility
of the achievement of excellent stability and mechanical
strength, which can be confirmed by Fig. S1f.}

Fig. 2a shows the SEM image of the 3D hierarchical NiO/
Co;0,@C/CoS, specimen, where the CoS, nanospheres
composed of ultrathin nanoflakes are uniformly anchored on
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Fig.2 (a) Typical SEM image of the multi-dimensional NiO/Coz0,@C/
CoS; hybrid electrode; (b) HRTEM image of the multi-dimensional
NiO/Co304@C/CoS; hybrid electrode; (c) typical SAED pattern of NiO/
Co0304@C/CoS,; (d) XRD patterns of the NiO/Cos04,@C/CoS, sample
before and after 5000 cycles, the bottom line patterns are the standard
patterns of Ni, NiO, Coz0O4 and CoS,, respectively.
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the NiO/Co;0,@C skeleton. As shown in Fig. Sig,i the
morphology and thickness of NiO/Co;0,@C nanosheets, dis-
played in the black square, remain unchanged before and after
the incorporation of CoS, nanospheres, indicating the robust
structure of the NiO/Co;0,@C layer. Fig. 2b shows the HRTEM
image of the 3D NiO/Co3;0,@C/CoS, hybrid electrode. The
measured lattice spacings of 0.208 nm and 0.248 nm are
indexed to the (200) plane of cubic NiO and the (221) plane of
cubic CoS,, respectively. This indicates the coexistence of CoS,
nanoflakes with NiO nanosheets and the existence of the crystal
plane common lattice at the interface, as indicated by the black
square in Fig. 2b. The corresponding selected area electron
diffraction (SAED) pattern shown in Fig. 2c indicates the poly-
crystalline nature of the hybrid structure, and the definite
diffraction rings can be easily indexed to (200), (400) and (311)
planes of the NiO phase and (200) and (222) planes of the CoS,
phase.

XRD characterization is applied to verify the crystallo-
graphic structure of Ni-Co LDH, NiO/Co;0,@C and NiO/
C03;0,@C/CoS, samples shown in Fig. 2d. For the XRD pattern
of Ni-Co LDH, except for the peaks from the NF substrate, all
other characteristic peaks agree well with the Ni-Co LDH
constituent. After carbon modification, obvious diffraction
peaks emerge at 37.2°, 43.3°, 62.86°, 75.39°, and 79.38°, cor-
responding to (111), (200), (220), (311), and (222) planes of
NiO (JCPDS file no. 78-0423), respectively. Meanwhile, the
peaks located at 18.99°, 31.27°, 55.65°, 59.35°, and 82.62° are
indexed to the (111), (220), (422), (511), and (444) planes of
Co30, (JCPDS file no. 74-2120), respectively. The absence of
any characteristic peak corresponding to carbon indicates its
amorphous nature. In the incorporation process of CoS,, the
intensity of Co;0,4 peaks weakens due to the chemical reaction
of 8Co*" + §,0;%™ + 5H,0 = 8Co>" + 250,>~ + 10H". As shown
in Fig. 2d, typical peaks of CoS, and NiO can be found in the
XRD results of NiO/Co;0,@C/CoS,, which is consistent with
the result of SAED. Fig. S21 shows that the peaks of the cor-
responding main phases before and after the cycles are basi-
cally identical, indicating that the design of the layered
structure is rational and stable.

Fig. S31 shows the EDS mapping analysis of the NiO/
C03;0,@C/CoS, hybrid electrode. The elements of C, O, S, Co
and Ni are distributed homogeneously over the electrode,
which agrees well with the SEM and TEM results in Figs. 2 and
S1,t indicating that the electro-active constituents obtained
in each step are uniformly grown on the substrate. In order to
prove the chemical composition of the nanocomposite, an
XPS test is performed for the NiO/Co;O,@C/CoS, hybrid
electrode.

Fig. 3a illustrates the characteristic peaks for nickel, cobalt,
sulfur, oxygen and carbon in the full wide-scan spectrum. Using
the C 1s peak with a binding energy of 284.6 eV as a calibration
reference, the oxide and sulfide valence states of nickel and
cobalt are analyzed through high-resolution XPS spectra of Ni
2p, Co 2p and S 2p shown in Fig. 3b. In the Ni 2p spectrum, the
main peaks of Ni 2ps,, and Ni 2p,,, in the Ni 2p orbital can be
respectively found at 855.85 eV and 873.7 eV with the spin-orbit
splitting value at 15.9 eV, in accordance with standard NiO

Nanoscale Adv., 2020, 2, 2785-2791 | 2787
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Fig. 3 (a) Clear wide scan XPS spectrum of the NiO/Cos0,@C/CoS,
sample; (b) detailed high-resolution XPS spectra of the Ni 2p, Co 2p
and S 2p of the NiO/Coz0,@C/CoS, sample; (c) Raman spectrum of
the NiO/Coz0,4@C/CoS, electrode material; (d) nitrogen adsorption—
desorption isotherms and pore-size distribution (inset) of nickel foam
coated with the NiO/Co3z0,@C/CoS, sample.

peaks reported elsewhere.**** Similarly, a high-resolution

spectrum of Co 2p showed two major peaks at 779.4 eV for Co
2ps;, and 794.7 eV for Co 2p,,, consistent with previous
studies.>* Also, a high-resolution spectrum of S 2p exhibited
a peak at 162.9 eV assigned to S,>~ of CoS,. As for the peak
located at 167.9 €V, it can be attributed to the chemical bond of
S-0.** The O 1s spectrum (Fig. S41) displayed three character-
istic peaks of metal-oxygen bonds (529.9 eV for O1), defect sites
with a low oxygen coordination (531.6 eV for 02), and hydroxyl
groups (532.7 eV for 03). The higher O2 ratio of NiO/Co;0,@C/
CoS, also indicated that NiO/Co;0,@C/CoS, possessed more
oxygen vacancies than NiO/Co;0,@C.

Fig. 3c shows the Raman spectroscopy of the chemical
composition of the hybrid electrode. There exist obvious peaks
(~287, 389, 550, 1356 and 1595 cm™ ') in the wavenumber range
of 100-2000 cm ™', and the distinct peaks located at 1356 and
1595 cm ™' can be assigned to the disordered carbon (D-band)
and the ordered graphitic carbon (G-band), respectively.*”** The
peak located at 550 cm ™ is assigned to the longitudinal optical
(LO) phonon modes of NiO,**** while the peaks appearing at 287
and 389 cm ™! are attributed to the A; and E; modes of CoS,,*
consistent with the results of XRD characterization.

To further understand the detailed structural information,
N, adsorption/desorption isotherms are measured at 77 K based
on the Brunauer-Emmett-Teller (BET) method. Fig. 3d and S5+
show the N, adsorption/desorption isotherms of nickel foam
supported NiO/Co;0,@C/CoS, and NiO/Co;0,@C, respectively.
The specimen of nickel foam supported NiO/Co;0,@C/CoS,
possesses a surface area of 7.3297 m* g, pore volume of 0.037
em® ¢! and mean pore size of 12.537 nm, which are higher
than those of nickel foam coated with NiO/Co;0,@C (a surface
area of 3.5493 m> g~ !, pore volume of 0.0089 cm® g~ ' and 12.266
nm). This confirms that the incorporation of CoS, nanospheres
provides more accessible surface areas.
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3.2. Electrochemical performances of the NiO/Co;0,@C/
CoS, hybrid electrode

In order to evaluate the electrochemical performance of the
NiO/Co0;0,@C/CoS, hybrid electrode, cyclic voltammetry (CV)
and galvanostatic charge-discharge (GCD) measurements were
conducted in a three-electrode system. Fig. 4a shows the
representative CV curves of the NiO/Co;0,@C/CoS, hybrid
electrode (1 cm x 1 cm) at scan rates ranging from 1 to 20 mv
s ' in a potential window from —0.2 to 0.6 V. A pair of distinct
symmetric cathodic/anodic peaks demonstrates the pseudo
energy storage mechanism and the high reversibility during
charging and discharging. This excellent performance can be
also revealed by GCD measurements, whose profiles show
a symmetrical triangular shape with similar charging and dis-
charging time at the current densities ranging from 3to 30 Ag ™"
(Fig. 4b). As illustrated in Fig. 4c, to further evaluate the rate
capability of the hybrid electrode, the specific capacity under
different current densities is calculated according to the
following equation:**

At a current density of 1 A g~', the NiO/C0;0,@C/CoS,
hybrid electrode achieves a high specific capacity of ~1025 C
g ' and maintains ~760 C g ' (~74% retention) when the
current density rises to 30 A g, indicating its outstanding rate
performance. Moreover, this high specific capacity in the whole

range outperforms its Ni-Co LDH, CoS,@C, CoS, and

NiO@Co0;0,@C counterparts (Fig. S6at), which record
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Fig. 4 Evaluation of the electrochemical performance of the as-
prepared electrode based on a three-electrode cell. (a) CV curves of
the NiO/Co3z04@C/CoS, NF electrode at different scan rates; (b) GCD
curves of the NiO/Cos0,@C/CoS, NF electrode at different current
densities; (c) rate performance of NiO/Cos0,@C/CoS, NF at various
scan rates from 1 A g7 to 30 A g% (d) cycling stability over 5000
cycles of the NiO/Co30,4,@C/CoS; electrode at a current density of 10
A g% the inset shows the SEM image of the electrode after 5000
cycles.
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a specific capacity of ~334, 387,136 and 470 Cg ' at 1 A g™,
respectively (Fig. S6bt). The cogent results prove that the
introduction of the carbon layer can improve the reversibility of
reactions and boost the electrochemical performance of
constituent CoS,, achieving large specific capacity and high
coulombic efficiency.

The reasons for the high capacity as well as superb rate
capability are explained mainly from the following aspects.
Firstly, both vertically aligned NiO/Co;0, nanosheets and CoS,
nanospheres composed of ultrathin nanoflakes provide suffi-
cient accessible active sites, ensuring highly efficient redox
reactions in the electrode system. Secondly, the introduction of
the carbon layer can effectively improve the electronic conduc-
tivity of oxides and protect the oxide skeleton during the
annealing process. Thirdly, the synergistic effect of the oxide/
sulfide nanocomposite can take advantage of the merits of each
component. Furthermore, the achievement of the highest
specific capacitance of the NiO/Co;0,@C/CoS, hybrid electrode
relative to the other counterparts may be attributed to the
reaction between Co;0, and Na,S,05:***

2C00-C0,05 2% 6Coy., + 3V + 80,

during which abundant oxygen defects and voids present along
with Co** were formed on the surface of Co;0,, as illustrated in
Fig. S7.T Furthermore, the reaction of a portion of Co;0, has no
influence on the structure of the homogeneous nanosheets that
act as the bond of CoS,, corresponding to Fig. S1g.t As the GCD
curves show in Fig. S8,7 the specific capacity of specimens with
or without Na,S,0; is 588 and 470 C g~ ', confirming the
contribution of the oxygen vacancies ascribed to the reaction
between Co;0, and Na,S,0;. The cycling stability of electrodes
is also a key criterion for supercapacitors. The hybrid electrode
is cycled between 0 and 0.4 V at a high current density of 10 A
g~ for 5000 cycles, with the results shown in Fig. 4d. It
demonstrates that the capacity retention of the NiO/Co;0,@C/
CoS, hybrid electrode is ~81.5%, which is attributed to the
rational design of carbon coating that accommodates the
volume expansion of oxides/sulfides, the good mechanical
strength of NiO/Co;0,@C nanosheets, and the good adhesion
between porous CoS, nanospheres and NiO/Co;0,@C nano-
sheets. The SEM image of the hybrid electrode after cycling tests
(inset of Fig. 4d) further confirms the stability of the electrode.
To provide insight into the electrochemical behavior of the
conductivity, Fig. S9t shows the Nyquist plot of the NiO/
Co30,@C/CoS, hybrid electrode with its equivalent circuit
(inset). The internal resistance is as low as 0.5 Q, which
demonstrates the excellent capacitor characteristics of the
device.

To further understand the charge storage mechanism of the
NiO/Co;0,@C/CoS, hybrid electrode material, the electro-
chemical behavior can be analyzed according to the CV curves at
small scan rates based on the equation of log I, = b log v + log a,
wherein I, (A) and v (mV s~ ') are the peak current and scan rate
respectively, and a and b are the adjustable parameters. Both
the surface capacitive effect and diffusion-controlled process
play a role in the electrode material storage when the b-value is

This journal is © The Royal Society of Chemistry 2020
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in the range of 0.5-1.0. If the b-value is equal to 0.5, the battery-
type properties dominate the electrochemical behavior. If the
b value is equal to or greater than 1, the electrochemical
behavior mainly rely on the pseudocapacitance properties and
the surface capacitive effect. As shown in Fig. S10,T the b values
of the anodic peak and cathodic peak are 0.5987 and 0.6768
respectively, indicating that the electrochemical behavior of the
NiO/Co30,@C/CoS, hybrid electrode is controlled by the
surface capacitive effect and diffusion-controlled process.

3.3. Electrochemical performances of the NiO/Co;0,@C/
CoS,//AC hybrid device

To investigate the behavior of the NiO/Co;0,@C/CoS, electrode
in a full-cell, as shown in Fig. S11,7 a hybrid device is assembled
by using NiO/Co;0,@C/CoS, as the cathode and AC as the
anode (1 cm x 1 cm size). To achieve the maximum operation
potential window, the electrode mass can be calculated
according to the equation of m,/m_ = (C_AV_)/(C,AV,).*>*®

To evaluate the electrochemical properties of this hybrid
device, the CV measurements are carried out in a three-elec-
trode system at 5 mV s~!. The NiO/Co;0,@C/CoS, cathode is
tested in a potential window of 0-0.6 V while the AC anode is
tested between —1 and 0 V *’ (Fig. S127). As shown in Fig. S13,f
the AC electrode shows a specific capacitance of 147.9 Cg ' at 1
A g . Fig. 5a shows the CV curves of the hybrid device at various
scan rates ranging from 10 mV s~ ' to 60 mV s~ '. The basically
similar shape indicates the ability to store and deliver energy at
high rates. Fig. S14f shows the GCD curves of the NiO/
C030,@C/CoS,//AC hybrid device at various current densities
and that a stable working potential of 1.64 V can be achieved,
which is much higher than 0.8-1.0 V of the traditional AC
symmetrical supercapacitor, indicating the contribution of

a b 300
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Fig. 5 Evaluation of the electrochemical performance of the NiO/
Co030,4@C/CoS,//AC hybrid device. (a) CV curves of the hybrid device
at different scan rates; (b) rate performance of the NiO/Cos0,@C/
CoS,//AC hybrid device at various scan rates from1Ag *to 5A g% (c)
Ragone plots of the NiO/Co30,@C/CoS,//AC hybrid device and other
reported data for comparison; (d) cycling stability over 5000 cycles
of the NiO/Co0:04,@C/CoS,//AC hybrid device at a current density of
3Ag L
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transition metal oxides and sulfides. The specific capacity
measured at various current densities based on the total mass
of active materials in two electrodes is calculated, as shown in
Fig. 5b. The specific capacity of ~274 C g~ ' is achieved at 1 A
g

In order to investigate the durability and long-term cycle
stability of the hybrid device, Fig. 5¢ shows the capacity reten-
tion as a function of cycle time performed at a high current
density of 3 A g . It can be seen that the capacity can retain
~92% of its initial value after 5000 cycles. This result confirms
the excellent rate capability and stability. Fig. 5d shows the
comparison of the power/energy density for the NiO/Co;0,@C/
CoS,//AC hybrid device with those for recently reported works,
such as NiCo0,0,4/NiO//AC,*®* NiCo0,0,//AC,* Ni(OH),/nickel
foam//AC, Co(OH),/CoS,//AC,** NiCo0,0,/PANI//AC,”* NiCo,-
S.@CoS,//AC,** NiC0,0,@rGO hybrid//rGO,** and Co30, nano-
horn//AC.*® The NiO/Co3;0,@C/CoS,//AC device exhibits a high
energy density of 62.83 W h kg™ " at a power density of 824.99 W
kg~ ". This work is far superior to those of the reported data,
illustrating the significant new prospect of 3D nanocomposites
consisting of transition metal oxides/sulfides and carbon. In
addition, we also compared important electrochemical prop-
erties with peer electrode materials shown in Table S1,f
demonstrating the enhanced electrochemical properties. As
aforementioned, the high performance of the NiO/Co;0,@C/
CoS, structure is benefiting from the facilitation of rapid ion
diffusion and fast electron transport, taking full advantage of
oxides/sulfides and carbon materials and alleviating the corro-
sion of the active material by the electrolyte during charging
and discharging.

The capacities of the hybrid electrode and hybrid device also
can be calculated based on the following equation:

20, J Vde
C=

’

V.

&%
wherein i,, = I/m (A g~ ") is the current density, I is the current, m
is the active mass of the electrode, and Jth is the integral

current area with V as the potential with initial and final values
of V; and Vg;** the rate performances of NiO/Co;0,@C/CoS, and
NiO/C030,@C/Co0S,//AC are depicted in Fig. S15.F

To investigate the practical application of the device,
Fig. S16F shows that two pieces of NiO/Co;0,@C/CoS,//AC
devices are connected in series to provide 3 V voltage in an
electrolyte of 6 M KOH for 1 min. The six light-emitting diodes
(LEDs) including two green (2.36 V, 20 mA), two yellow (1.80 V,
20 mA) and two red (1.76 V, 20 mA) LEDs could be lit at the same
time by the devices.

4. Conclusions

In summary, a 3D hierarchical hybrid nanocomposite of NiO/
Co03;0,@C/CoS, has been successfully fabricated on a conduc-
tive nickel foam substrate via an in situ binder-free hydro-
thermal and annealing method to significantly elevate the
specific capacity and improve the stability for supercapacitor
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application. Benefiting from the combination of high-capacity
oxide/sulfide and introduction of the highly conductive carbon
layer, the NiO/C0;0,@C/CoS, hybrid electrode exhibits great
improvement in electrochemical performance, with a high
capacity of ~1025 C g~ at 1 Ag~". Moreover, the NiO/Co;0,@C/
CoS,//AC hybrid supercapacitor achieves excellent performance
with a maximum voltage of 1.65 V and a high energy density of
62.83 W h kg~ ' at a power density of 824.99 W kg™ ' and
excellent cycle stability with a capacity retention of ~92% after
5000 cycles. Such binder-free hybrid electrodes with excellent
electrochemical performance might hold great potential for use
in energy storage devices.
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