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H I G H L I G H T S

• MoS2/NiCo2S4@C HMSs were used as
a high-performance supercapacitor.

• MoS2/NiCo2S4@C HMSs were pre-
pared by a facile self-template
method.

• The ASCs was assembled with MoS2/
NiCo2S4@C HMSs and active carbon.

• The ASCs device exhibits ultra-high
rate capability and high-power den-
sity.
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A B S T R A C T

Metal sulfides are intensively studied as one of the most predominant materials for supercapacitors owing to
such unique advantages as low-cost, low electronegativity and high electrochemical activity, and the appropriate
architecture of hybrid metal sulfides is believed to be very effective for fully utilizing their material merits and
breaking through their limits of the low-rate capability and inferior cycling stability in supercapacitor appli-
cations. Herein, a high-performance supercapacitor based on carbon-coated MoS2/NiCo2S4 urchin-like hollow
hybrid microspheres (MoS2/NiCo2S4@C HMSs) is prepared by a facile self-template method. And the high
specific capacity of 250mAh g−1 at 2 A g−1 and ultra-high rate capability of 91.1% at 40 A g−1 achieved with
the resultant MoS2/NiCo2S4@C HMSs due to their hierarchical hollow hybrid structure and the protection from
the coated carbon thin layer. With the MoS2/NiCo2S4@C HMSs as the positive electrode and active carbon as the
negative electrode, asymmetric supercapacitors (ASCs) have been assembled, which exhibit a high energy
density of 53.01Wh kg−1 at the power density of 4.20 kW kg−1, an energy density of 36.46Wh kg−1 even at the
ultra-high power density of 73.75 kW kg−1, and excellent cycling stability of 90.1% after 10 000 cycles of
charge–discharge tests at the current density of 10 A g−1.

1. Introduction

To meet the demands of the electronic devices, research efforts are
devoted to developing state-of-the-art energy storage devices with high-

energy and high-power densities [1,2]. Due to the fast charge/discharge
processes, long cycling life and high power density [3–5], super-
capacitors (SCs) have deemed as a promising energy storage device
with various electronic applications, such as portable devices, digital
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cameras, all-electric vehicles and roll-up screens. However, their prac-
tical applications are usually limited by low energy density [6]. To
resolve this problem, an appropriate choice is to construct asymmetric
supercapacitors (ASCs) with enhanced specific capacity and extending
the cell voltage to boost the energy density without compromising the
power density [7].

Currently, transition metal sulfides (TMSs) including CoSx, NiSx and
CuSx have been considered as novel cathodes in SCs with enhanced
specific capacities, energy and power densities owing to their lower
electronegativity and higher electrochemical activity [8]. Especially,
binary-TMSs can offer richer redox reactions than mono-TMSs and they
show superior specific capacity [9]. However, the relative poor elec-
trical conductivity still hinders their practical applications because of
the low rate capability and inferior cycling stability [10,11]. It is pro-
mising to introduce a component with good electrical conductivity to
form hybrid. The hybrids can not only improve the internal electrical
conductivity to facilitate the electron transport at the hetero-phase in-
terfaces, but also can fully utilize the merits of individual component to
boost the electrochemical performances by the synergistic effect of in-
dividual components [12]. For example, Tan et al. prepared NiCo2S4@
MoS2 heterostructures, which exhibits higher rate capability than that
of the NiCo2S4 electrode [13]. Ma et al. reported the NiCo2S4/MoS2
nanotube arrays with higher specific capacity [14]. Despite these ad-
vances achieved, it is still a challenge to enhance the cycling stability.
As one of the most important carbon-based materials, carbonaceous
materials have exhibited the unique merits including high surface area,
superior surface wettability and excellent mechanical stability [15].
Specifically, carbonaceous materials can offer continuous pathways for
electrons and ions to boost kinetics and prevent the dissolution of active
components to achieve superior stability [16,17]. In addition, the car-
bonaceous materials can play the crucial role as the provider of capacity
by surface adsorption/desorption to further improve the specific ca-
pacity [18].

Hollow micro-/nanostructures with void interior can greatly enlarge
the active surfaces and interfacial contact between electrolyte and
electrode materials for fast ions/electrons transport, which benefits for
boosting rate capability [19–22]. Moreover, the unique hollow archi-
tecture can accommodate the volume expansion during redox pro-
cesses, resulting in the enhanced stability [22–25]. Therefore, the
hierarchical hollow structure is expected to become the superior elec-
trode materials in SCs. Although many efforts have been dedicated to
exploring the high-performance SCs, it is still deficient as it requires
rational design of advantageous architectures.

Herein, a self-template strategy has been developed to prepare the
hierarchical carbon-coated MoS2/NiCo2S4 urchin-like hollow hybrid
microspheres (MoS2/NiCo2S4@C HMSs). Using Molybdenum-Glycerate
nanospheres (MoG NSs) as self-template, glucose, Co(NO3)2·6H2O and
Ni(NO3)2·6H2O as the raw materials, the hierarchical MoG@NiCo-
precursor@C microspheres (MSs) with urchin-like structure are ob-
tained, and then further transformed to MoS2/NiCo2S4@C HMSs by a
sulfidation reaction of thioacetamide (TAA) in ethanol. Compared with
the previously reported work of the NiCo2S4-C-MoS2 composite elec-
trodes [26], the as-prepared MoS2/NiCo2S4@C HMSs integrate the
structural and compositional advantages, including the synergetic
binary metal composition, short diffusion paths, abundant active sur-
faces, which exhibit a higher specific capacity of 250mAh g−1 at
2 A g−1 at the current density of 2 A g−1 and the ultrahigh rate cap-
ability of 91.1% at a current density of 40 A g−1. Meanwhile, it has
been found that a thin carbon layer can prevent the aggregation and
dissolution of active components, resulting in the enhanced cycling
stability. The corresponding ASC is further assembled by using the
MoS2/NiCo2S4@C HMSs as the positive electrode and active carbon as
the negative electrode, which achieves a high energy density of
36.46Wh kg−1 at a ultrahigh power density of 73.75 kW kg−1 and
excellent cycling stability (90.1% retention after 10 000 cycles). The
rational design concept in this work is a versatile path for high-

performance ASCs.

2. Experimental section

2.1. Synthesis of the MoG templates

All regents were of analytical grade and used as received without
further purification. In a typical synthesis, MoG NSs were synthesized
through a solvothermal method according to the previous report
[27,28]. 90mg of molybdenyl acetylacetonate and 6mL of glycerol
were added into a mixed solution containing 22.5mL of isopropanol
and 7.5 mL of distilled water. The mixture was sonicated for 40min to
obtain a homogeneous solution, and then transferred into a 50mL Te-
flon-lined stainless steel autoclave and heated at 190 °C for 3 h. After
cooled down to room temperature, the resulting dark brownish pre-
cipitate was centrifuged and washed with ethanol for several times, and
dried in a vacuum oven at 60 °C for overnight.

2.2. Synthesis of MoS2/NiCo2S4@C HMSs

20mg of as-prepared MoG NSs, 1 g of polyvinyl pyrrolidone (PVP,
K-30), 291mg of Ni(NO3)2·6H2O, 582mg of Co(NO3)2·6H2O, 600mg of
urea and 180mg of glucose were added into a mixture containing
20mL of ethanol and 20mL of distilled water. After sonicating for
30min, the mixture was transferred into a 50mL Teflon-lined stainless
steel autoclave and heated at 180 °C for 6 h. The resulting MoG@NiCo-
precursor@C MSs were collected by centrifugation and washed with
water and ethanol for several times.

Then, 20mg of the as-prepared MoG@NiCo-precursor@C MSs and
120mg of TAA were dispersed in 40mL of ethanol/water (V/V=3:1)
mixed solution, which was transferred into a 50mL Teflon-lined auto-
clave and heated at 200 °C for 4 h. The black product was centrifuged
and washed for several times with water and ethanol, and then dried at
60 °C overnight. For comparison, the MoS2/NiCo2S4 nanoparticles
(MoS2/NiCo2S4 NPs) were synthesized via the same route without the
presence of glucose. Similarly, the NiCo2S4@C NPs were synthesized
without the addition of MoG templates. As comparison, the MoS2/
NiS@C was also synthesized without the presence of Co(NO3)2·6H2O
and MoS2/CoS@C was synthesized without the addition of Ni
(NO3)2·6H2O, respectively.

2.3. Materials characterization

The morphology and microstructure of the products were in-
vestigated by scanning electron microscopy (SEM) with an accelerating
voltage of 5 kV with a Hitachi S-4800 scanning electron micro-analyzer
and focused ion beam SEM (FIB-SEM, Zeiss Auriga) with an accelerating
voltage of 30 kV. Transmission electron microscopy (TEM), high-re-
solution TEM (HRTEM) and selected area electron diffraction (SAED)
were conducted at 200 kV with a JEM-2100F field emission TEM. The
crystallinity of the samples was characterized by powder X-ray dif-
fraction (XRD) on a Philips PW3040/60 X-ray diffractometer using Cu-
Ka radiation at a scanning rate of 0.06° s−1. X-ray photoelectrically
spectroscopy (XPS) measurements were performed using an ESCALab
MKII X-ray photoelectron spectrometer with Al Ka X-ray radiation. N2

adsorption isotherms were obtained at 77 K on a Micrometrics ASAP
2020 surface area and porosity analyzer after the sample was degassed
in vacuum at 150 °C for 3 h. Raman spectroscopy was performed using a
Renishaw inVia-Refles and 532 nm laser excitation with working dis-
tances on a 50× lens. The thermogravimetric analysis (TGA) of the
product was performed on a Netzsch STA 449C thermal analyzer.

2.4. Electrochemical measurements

The working electrodes were prepared as follows, the as-obtained
active materials, carbon black and poly(vinylidene fluoride) (PVDF)
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with a mass ratio of 8:1:1 were dispersed in N-methylpyrrolidone
(NMP) to form homogeneous slurry. Then, the slurry was pressed onto a
nickel foam and was dried at 80 °C for 12 h. The mass loading of the
activate materials was about 1.5mg cm−2.

All the tests including cyclic voltammetry (CV), galvanostatic
charge–discharge (GCD) and electrochemical impedance spectroscopy
(EIS) were conducted on a Zennium E (Zahner, Germany) electro-
chemical workstation. To investigate the electrochemical performance,
the MoS2/NiCo2S4@C HMSs, MoS2/NiCo2S4 NPs and NiCo2S4@C NPs
electrode were explored under a three-electrode configuration using
Hg/HgO electrode as reference electrode and Pt foil as a counter elec-
trode in 6.0M KOH aqueous solution at room temperature. EIS mea-
surements were performed by employing an AC voltage with 5mV
amplitude in the frequency range of 10mHz to 100 kHz at open circuit
potential. From the CV curves, specific capacitance Cs1 (F g−1) of the
electrode materials was calculated by integrating the discharge portion
using the following equation:

∫
=C

IdV
vmVs1 (1)

where I is current (A), v is the scan rate (V s−1), m is the mass of the
active material (g), and V is the potential window (V), respectively.

The specific capacitance (Cs2, F g−1) was calculated from the gal-
vanostatic discharge curves according to the following formulas:

= × ∆ × ∆C I t m V( )/( )s2 (2)

where I is the discharge current (A), Δt is the discharge time (s), ΔV is
the voltage (V) range upon discharging and m is the mass (g) of the
active material. And the specific capacity (mAh g−1) was accordingly
deduced from the following equation [29]

= ×Q C V /3.6 (3)

2.5. Assembly of ASCs

The as-prepared electrodes were assembled into a button-type su-
percapacitor by using MoS2/NiCo2S4@C HMSs as the positive electrode,
active carbon (AC) as the negative electrode and one piece of cellulose
paper as the separator in 6.0M KOH electrolyte. The negative electrode
was prepared by casting the mixture which contains AC, carbon black
and PVDF with a weight ratio of 8:1:1 onto nickel foam. The mass ratio
of the MoS2/NiCo2S4@C HMSs to AC was determined to be approxi-
mately 0.13, which can obtain the charge balance between the two
electrodes according to the following equation (3):

=
∆

∆

+

−

− −

+ +

m
m

C V
C V (4)

where C is the specific capacitance (F g−1), m is the mass of active
material (g) and ΔV is the potential (V) window range for positive and
negative electrodes, respectively. The energy density (E, Wh kg−1) and
power density (P, W kg−1) of the device are calculated according to the
following formulas:

∫
=

×
E

i V dt
M 3.6 (5)

= ×P E
t

3600 (6)

where C is the cell capacitance (F g−1), ΔV is the voltage (V) range
during the charge-discharge measurement and Δt is the discharge time
(s).

3. Results and discussion

The formation of the hierarchical MoS2/NiCo2S4@C HMSs is sche-
matically presented in Fig. 1. The uniform MoG NSs are employed as

self-template to construct urchin-like hierarchical MoG@NiCo-pre-
cursor@C MSs in the ethanol/water mixed solution containing glucose,
Co(NO3)2·6H2O, Ni(NO3)2·6H2O, PVP and urea at 180 °C for 6 h. After
sulfidation, the urchin-like MoG@NiCo-precursor@C MSs are success-
fully converted into the hierarchical MoS2/NiCo2S4@C HMSs by a facile
anion-exchange reaction at 200 °C for 4 h.

The morphology and the structure of the as-prepared samples were
characterized by SEM. As displayed in Fig. 2a, b, the MoG product
consists entirely of uniformly smooth nanospheres with an average
diameter of around 500 nm. After the chemical reaction in step I, the
MoG NSs are completly converted into hierarchical MoG@NiCo-pre-
cursor@C MSs with obvious urchin-like structure (Fig. 2c, d). As shown
in Fig. S1, the corresponding XRD pattern indicates the formation of
Ni2CO3(OH)2·H2O (JCPDS No. 29-0868) and Co(CO3)0.5(OH)·0.11H2O
(JCPDS No. 48-0083) hybrid. Obviously, numerous NiCo-precursor
needles are vertically attached to the surface of MoG NSs. In the fol-
lowing sulfidation process, the as-prepared MSs are transformed to
MoS2/NiCo2S4@C HMSs with the well retained urchin-like structure
and the rougher surface can be observed (Fig. 2e, f). For comparison,
the MoS2/NiS@C MSs and MoS2/CoS@C MSs are also synthesized,
which exhibit the similar microsphere structure with rough surface
(Fig. S2). It is noteworthy that the presence of MoG NSs and glucose in
the reaction process plays a vital role in the formation of the hier-
archical hollow hybrid microspheres morphology. Without the presence
of MoG NSs or glucose, the resulting NiCo2S4@C and MoS2/NiCo2S4
samples both exhibit irregular aggregates of nanoparticles, as shown in
Fig. S3. During the evolution of the hierarchical urchin-like hollow

Fig. 1. Schematic formation of MoS2/NiCo2S4@C HMSs.

Fig. 2. SEM images of the as-prepared (a, b) MoG NSs, (c, d) MoG@NiCo-
precursor@C MSs, (e, f) MoS2/NiCo2S4@C HMSs.
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microspheres, the MoG NSs are employed as self-template to provide a
center to support the growth of NiCo-precursor needles, and a thin
carbon layer obtained from glucose can maintain the pristine sphere
morphology. Additionally, N2 adsorption-desorption tests were ex-
amined to further confirm the surface area and porous structure of the
as-prepared samples. As displayed in Fig. S4, the MoS2/NiCo2S4@C
HMSs exhibit a relatively high Brunauer–Emmett–Teller (BET) surface
area of 100.31m2 g−1 with an average pore size of 2.8 nm, while the
BET surface area of the NiCo2S4@C NPs and MoS2/NiCo2S4 NPs is ex-
amined to be 31.23m2 g−1 and 32.59m2 g−1, respectively. This result
indicates the as-prepared MoS2/NiCo2S4@C HMSs can provide more
electroactive sites to boost the electrochemical performance.

The XRD patterns of the as-prepared MoS2/NiCo2S4@C HMSs,
NiCo2S4@C NPs and MoS2/NiCo2S4 NPs, as displayed in Fig. 3a, man-
ifest that all the diffraction peaks can be well indexed to the cubic
NiCo2S4 (JCPDS No. 20-0782). However, no typical diffraction peaks of
MoS2 can be found, indicating that the content of MoS2 is below the
detection limit of XRD. It is well-known that MoS2 possesses two typical
crystal structures of 2H semiconductor phase and 1T metallic phase
[30,31]. Raman spectroscopy was further used to analyze the MoS2
phase. As shown in Fig. S5, the peaks at 151, 236, 339, 380 and
406 cm−1 are the feature vibrations of 1T metallic phase of MoS2, in-
dicating that the high electrical conductivity can be obtained in this
system. In addition, the TGA test exhibits the mass ratio of carbon
content in the as-prepared sample is about 7.6% (Fig. S6) [32]. From
the FIB-SEM image of the as-obtained MoS2/NiCo2S4@C sample in
Fig. 3b, the void interior can be obviously observed, exhibiting the
successfully formation of hollow structure in the final product. The TEM
image (Fig. 3c) further elucidates the hollow nature of the MoS2/

NiCo2S4@C HMSs by the sharp contrast between the center and the
edge. The hollow architecture endows the sample with a highly active
surfaces, resulting in enhanced electrochemical performances. The
HRTEM images (Fig. 3d, e) show lattice fringe spacing of 0.23, 0.33 and
0.18 nm corresponding to the (4 0 0) and (2 2 0) plane of the NiCo2S4
and the (1 0 5) plane of MoS2, respectively. Furthermore, a thin amor-
phous carbon layer can be obviously observed at the edge of sample, as
displayed in Fig. 3d. This unique architecture ensures the structural
integrity, which boosts the long-term stability. In addition, the SAED
pattern (Fig. 3f) reveals that a series of diffraction rings are assigned to
different diffraction planes of crystalline NiCo2S4 and MoS2, which also
indicates the existence of MoS2. The multicomponent sulfides of the
products are performed by EDX mapping (Fig. 3g–k), which confirms
that Mo, Ni, Co, S and C elements are homogeneously distributed
throughout the whole hollow microspheres, further revealing the ex-
istence of the C and MoS2 rather than pure NiCo2S4.

The elemental composition and chemical states of the as-prepared
MoS2/NiCo2S4@C HMSs were performed by XPS. The survey spectrum
(Fig. 4a) and Table S1 reveal the existence and the atomic percentages
of Ni, Co, Mo, C and S elements in the hierarchical MoS2/NiCo2S4@C
HMSs, respectively. The high-resolution XPS spectrum (Fig. 4b) of Ni 2p
shows the peaks with the binding energies of 853.0 eV in Ni 2p3/2 and
870.2 eV in Ni 2p1/2 belong to Ni3+, while the peaks at 857.0 eV and
874.9 eV correspond to Ni2+ 2p3/2 and Ni2+ 2p1/2, respectively
[33,34]. In the Co 2p spectrum (Fig. 4c), the peaks at 778.5/782.0 eV
and 793.6/798.2 eV are assigned to the Co 2p3/2 and Co 2p1/2, re-
spectively, confirming the formation of Co3+ and Co2+ [35–37]. In
Fig. 4d, the peaks located at 228.4 and 232.4 eV are considered as the
characteristic peaks of MoS2, which correspond to Mo 3d5/2 and Mo
3d3/2, respectively [38]. Furthermore, the binding energy at 226.5 eV
can be attributed to S 2s from MoS2. As presented in Fig. 4e, the S 2p3/2

Fig. 3. (a) XRD patterns of the as-prepared MoS2/NiCo2S4@C HMSs,
NiCo2S4@C and MoS2/NiCo2S4 NPs, respectively, (b) FIB-SEM image, (c) TEM
image, (d–e) HRTEM images, (f) SAED pattern of the as-prepared MoS2/
NiCo2S4@C HMSs and corresponding elemental mapping images of (g) Mo, (h)
Ni, (i) Co, (j) S and (k) C.

Fig. 4. XPS spectra of the as-prepared MoS2/NiCo2S4@C HMSs. (a) survey
spectrum and the high resolution XPS spectra of (b) Ni 2p, (c) Co 2p, (d) Mo 3d,
(e) S 2p and (f) C 1s.
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and 2p1/2 with binding energies at 161.7 and 162.9 eV are ascribed to
the S2-, and other peaks at 169.0 eV can be attributed to the oxidized
state S on the surface of the material [38,39]. Fig. 4f displays the peaks
located at 284.8, 286.6 eV and 289.1 eV belong to CeC, CeO and
O]CeO, respectively [40,41]. The XPS results further verify the ex-
istence of carbonaceous layer in the MoS2/NiCo2S4@C HMSs.

The electrochemical properties of MoS2/NiCo2S4@C HMSs, MoS2/
NiCo2S4 NPs and NiCo2S4@C NPs electrodes were evaluated by a three-
electrode system with Pt foil as a counter electrode and Hg/HgO as a
reference electrode in a 6M KOH aqueous electrolyte. From the CV
curves (Fig. 5a), the three electrodes all exhibit a pair of redox peaks in
each curve at a scan rate of 10mV s−1 with a potential window of
0–0.5 V, which can be ascribed to the reversible Faradaic reaction in the
alkaline electrolyte. And it is evident that the bare Ni foam (NF) dis-
plays a negligible contribution to the entire electrode capacity in the CV
test. Among the three electrodes, the integral area of MoS2/NiCo2S4@C
HMSs is much larger than those of the as-prepared MoS2/NiCo2S4 and
NiCo2S4@C NPs, indicating the enhanced specific capacity, which can
be attributed to the hollow architecture and the synergistic effect. The
hollow architecture can provide more electroactive sites and enhanced
interfacial contact between electrode and electrolyte. Meanwhile, the
MoS2 can accelerate the electrical conductivity to facilitate the redox
reactions and the protected carbon thin layer can contribute additional
specific capacity. This is further confirmed by the GCD at 10 A g−1, as
shown in Fig. 5b. Among all the samples, the discharging time of the
MoS2/NiCo2S4@C HMSs is the longest, which is in agreement with the
CV curves. The detailed CV and GCD curves of MoS2/NiCo2S4@C HMSs,

NiCo2S4@C NPs, and MoS2/NiCo2S4 NPs are presented in Fig. S7 and
the corresponding specific capacities are demonstrated in Figs. S8 and
5c, respectively. It can be seen that the MoS2/NiCo2S4@C HMSs elec-
trode exhibits the highest specific capacity of 250mAh g−1 at 2 A g−1,
which is 1.8 times and 2 times larger than the MoS2/NiCo2S4 NPs and
NiCo2S4@C NPs, respectively. According to the CV curves, the MoS2/
NiCo2S4@C HMSs electrode displays the specific capacity of
268mAh g−1 at 2mV s−1, whereas only 114 and 141mAh g-1are ob-
tained for NiCo2S4@C and MoS2/NiCo2S4 samples, respectively. The
calculated specific capacities based on the GCD curves for the MoS2/
NiCo2S4@C HMSs electrode are 250, 244, 238, 233, 230 and
228mAh g−1 at the current density of 2, 5, 10, 15, 20 and 40 A g−1,
respectively. With the increased current densities, the specific capa-
cities exhibit the decreasing trend, which is associated with the shor-
tened time for redox process. Significantly, the MoS2/NiCo2S4@C HMSs
electrode retains ultrahigh rate capability of 91.1% when the current
density is increased from 2 to 40 A g−1, which is also superior than that
of reported Ni-Co-Mo-S based electrode materials (Table S2). This ultra-
high rate capability is attributed to the enhanced electrical conductivity
caused by the presence of the MoS2 and the protected thin carbon layer.
The coulombic efficiency is calculated with the following equation:

=η t
t
d

c (7)

where tc and td are the charging and discharging time, respectively. The
coulombic efficiency of the as-prepared MoS2/NiCo2S4@C electrode at
low current density is inferior to the high current density, which is due
to the side effect (Fig. S9) [42,43]. To investigate the synergistic effect
between Co and Ni ions in the final product, the electrochemical per-
formances of the as-prepared MoS2/NiS@C and MoS2/CoS@C samples
are shown in Fig. S10. From the CV curves, the two electrodes all ex-
hibit a pair of redox peaks. According to the GCD curves, the specific
capacities are calculated (Fig. S10e). Obviously, the specific capacities
of the MoS2/NiS@C electrode are higher than the MoS2/CoS@C elec-
trode, but the rate capability of the MoS2/CoS@C electrode is superior
to the MoS2/NiS@C electrode. It can be concluded that the Ni ions show
higher electrochemical activity than Co ions and Co ions contribute to
higher rate performance [44]. Integrating the advantages of the Ni and
Co ions, the MoS2/NiCo2S4@C HMSs show the highest specific capacity
and excellent rate capability, verifying that the synergistic effect be-
tween Ni, Co improves the electrochemical performance.

The electrochemical impedance spectroscopy (EIS) measurements
were investigated to further gain the intrinsic electrochemical and ki-
netic mechanisms. The Nyquist plots are presented in Fig. 5d. The in-
tercept of the X-axis in the high-frequency region represents the
equivalent series resistance (Rs), including the intrinsic resistance,
electrolyte resistance and contact resistance between the electrode and
current collector. Remarkably, the MoS2/NiCo2S4@C HMSs exhibit a
lower Rs of 0.17Ω than that of MoS2/NiCo2S4 NPs (Rs= 0.37Ω) and
NiCo2S4@C NPs (Rs= 0.61Ω). In addition, the diameter of the semi-
circle indicates charge transfer resistance (Rct) in the high-frequency
region and the slope of the straight line in the low-frequency region
implies the diffusion resistance (Rw). As expected, the MoS2/Ni-
Co2S4@C HMSs also demonstrate the smallest charger transfer re-
sistance (Rct) of 0.09Ω (0.2Ω for MoS2/NiCo2S4 NPs and 0.28Ω for
NiCo2S4@C NPs), implying the higher electron transportation kinetics.
According to the slope of the straight line, the MoS2/NiCo2S4@C HMSs
electrode exhibits more vertical line than the others, which may facil-
itate ion diffusion. From the Bode plots (Fig. S11), the corresponding
characteristic relaxation time constant τ0 (τ0= 1/f0, the inverse of the
characteristic frequency at −45°) is 2018, 691 and 329ms for the Ni-
Co2S4@C, MoS2/NiCo2S4 and MoS2/NiCo2S4@C samples, respectively,
indicating the high-speed ion diffusion and transport behavior of the as-
prepared MoS2/NiCo2S4@C HMSs, which is in a good agreement with
the Nyquist plots. It is worth mentioning that a thin carbon layer can
serve as bridges to connect and link all the urchin-like microspheres to

Fig. 5. (a) CV curves of the as-prepared Ni foam, MoS2/NiCo2S4@C HMSs,
NiCo2S4@C NPs, MoS2/NiCo2S4 NPs electrodes at 10mV s−1. (b) Galvanostatic
charge–discharge (GCD) curves of the as-prepared MoS2/NiCo2S4@C HMSs,
NiCo2S4@C NPs, MoS2/NiCo2S4 NPs electrodes at 10 A g−1. (c) Specific capa-
cities of the as-prepared MoS2/NiCo2S4@C HMSs, NiCo2S4@C NPs, MoS2/
NiCo2S4 NPs electrodes at different current densities. (d) Nyquist plots of the as-
prepared MoS2/NiCo2S4@C HMSs, NiCo2S4@C NPs, MoS2/NiCo2S4 NPs elec-
trodes. (e) Cycling stability of the as-prepared MoS2/NiCo2S4@C HMSs,
NiCo2S4@C NPs, MoS2/NiCo2S4 NPs electrodes at 10 A g−1.
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boost the electrical conductivity. Meanwhile, the hierarchical urchin-
like hollow structure can efficiently shorten the diffusion paths for
electrons and ions. In addition, the cycling stability is another essential
factor for practical energy storage devices. Impressively, there is no
significant capacity decay after 4000 cycles at a current density of
10 A g−1 for the MoS2/NiCo2S4@C HMSs, maintaining 87.0% of the
initial capacity, while the MoS2/NiCo2S4 NPs and NiCo2S4@C NPs
electrodes suffer from 30% and 35% capacity loss, respectively, during
the long cycle life (Fig. 5e). The excellent cycling stability can be fur-
ther verified by the EIS measurements before and after 4000 GCD cycles
(Fig. S12), which exhibits slightly increased resistance (Rs= 0.59Ω;
Rct= 0.72Ω) after the 4000th cycles. To further prove the structural
stability of the as-prepared sample, the MoS2/NiCo2S4@C electrode
after long-term cyclic stability test is characterized by SEM. The mor-
phology of the MoS2/NiCo2S4@C is not greatly affected after the cy-
cling tests, demonstrating a good structural stability (Fig. S13). These
above results confirm that the unique hollow architectures and the
compositions are accountable for the enhanced electrochemical per-
formances. In particular, the hollow structure can serve as electrolyte
reservoirs and the thin carbon layer coated on the MoS2/NiCo2S4 can
efficiently inhibit the disintegration of the electrode, resulting in en-
hanced durability of electrodes.

The CV curves of the MoS2/NiCo2S4@C HMSs electrode at various
scan rates ranging from 2 to 40mV s−1 are presented in Fig. 6a. A pair
of redox peaks are observed in each CV curve, indicating the reversible
faradaic reaction of MoS2/NiCo2S4@C HMSs electrode in the electro-
chemical process. The energy storage mechanism is involved with the
following reversible redox reactions [45–47]:

+ ↔ +− −CoS OH CoSOH e (8)

+ ↔ + +− −CoSOH OH CoSO H O e2 (9)

+ ↔ +− −Nis OH NiSOH e (10)

+ ↔ −+MoS K MoS SK faradaic compoent( )2 (11)

+ + ↔ − −+ − − +MoS K e MoS SK non faradaic compoent( ) ( ) ( )surface surface2

(12)

In order to further investigate the capacitive contribution of MoS2/
NiCo2S4@C HMSs, we analyze the relationship between current (i) and
scan rate (v) according to the power law as follows [48]:

=i avb (13)

The current (i) obeys the power law relationship with scan rate (v)
where the value of b is determined from the slope of log(i) versus log(v)
plot. The b value of 1 indicates the capacitive process, whereas the b
value of 0.5 reflects diffusion controlled process. As shown in Fig. 6b,
the calculated b values are 0.74 and 0.86 for the anodic and cathodic
peaks, respectively, suggesting the co-existence of diffusion controlled
process and capacitive process for the energy storage in the electrode
reaction [49–51]. Compared with other diffusion-controlled electrode
materials, MoS2/NiCo2S4@C HMSs deliver ultrahigh rate capability,
benefiting from the surface-controlled capacitive process [52].

Quantification of the capacitive contribution to the total capacity is
analyzed on the basis of following equation [53]:

= +i V k v k v( ) 1 2
1/2 (14)

where the i(V) is the total current at a constant potential V, the k1v and
k2v1/2 are the current which result from the capacitive effects and dif-
fusion-controlled process, respectively. Fig. 6c shows that 78% of the
entire capacity was identified as the capacitive contribution in a typical
CV curve at 5mV s−1. With the scan rate increased from 2mV s−1 to
40mV s−1, the capacitive contribution reaches the maximum value of
91% (Fig. 6d), due to the decreasing time for the ion diffusion into the
lattices. As a results, the MoS2/NiCo2S4@C HMSs remain superior
specific capacity at the higher scan rate, indicating that the carbon
layers provide more efficient pathways for electrons to the MoS2/
NiCo2S4 surface sites [52].

Based on the above results, the superior electrochemical perfor-
mances of the as-obtained MoS2/NiCo2S4@C HMSs are ascribed to the
following characteristics: Firstly, the hollow urchin-like hierarchical

Fig. 6. (a) The CV curves of the as-prepared
MoS2/NiCo2S4@C HMSs electrode at different
scan rates. (b) The plot of log(i) versus log(v). (c)
Separation of the capacitive and diffusion cur-
rents in the as-prepared MoS2/NiCo2S4@C HMSs
electrode at 5mV s−1. (d) Relative contribution
of the capacitive and diffusion-controlled charge
storage at different scan rates.
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structure endows the electrode material with a large interfacial contact
between the electrode and electrolyte which facilitate the transporta-
tion of the ions and electrons. And the void interior can buffer the
volume expansion and mechanical strain to enhance the cycling stabi-
lity. Secondly, the multi-metal sulfides provide richer redox reactions,
resulting in superior specific capacity. Thirdly, the electronic con-
ductivity of the resultant hybrid is better than that of mono-component,
resulting in ultrahigh rate capability. Fourthly, the protected thin
carbon layer can prevent the detachment, aggregation, and pulveriza-
tion of active components to obtain prominent cycling stability.

In order to further evaluate the MoS2/NiCo2S4@C HMSs electrode
for practical applications, ASC device using MoS2/NiCo2S4@C HMSs as
the positive electrode and AC as the negative electrode is fabricated as
schematically shown in Fig. 7a. The CV and GCD curves of the AC
electrode are displayed in Fig. S14, which demonstrate the specific
capacitance of 120 F g−1 at 1 A g−1. As shown in Fig. 7b, the CV curves
at different scan rates are presented with the working voltage window
ranging from 0 to 1.6 V, which demonstrate the well-distinct redox
peaks and remain the characteristics with the scan rate rising to
100mV s−1, suggesting the exceptional reversibility and fast electron
transport kinetics. The corresponding GCD curves at various current
densities displayed in Fig. 7c are nonlinear, which is consistent with the
CV curves. According to the CV and GCD curves, the calculated specific
capacities are presented in Figs. S15 and 7d, respectively. From the CV

curves, it exhibits a highest specific capacity of 67mAh g−1 at
2mV s−1. Based on the GCD curves, the specific capacities of the ASC
are estimated to be 50.44, 47.33, 45.97, 43.79, 42.39, 41.33,
39.56mAh g−1 at current density of 4, 6, 10, 15, 20, 40 and 80 A g−1,
respectively, implying the excellent rate capability (Fig. 7d). The spe-
cific capacities at high current densities are comparable to recently
reported hybrid Na-ion capacitors (28.1 mAh g−1 at 30 A g−1) [54].
Additionally, the calculated coulombic efficiency is shown in Fig. 7d.
Although the coulombic efficiency is poor at low current density, the
asymmetric device exhibits high coulombic efficiency when the current
density is increased. A low coulombic efficiency may be attributed to
the charge leakage occurring at lower current density [42,55]. To better
evaluate the electrode kinetics, EIS measurements are investigated, and
the results are shown in Fig. S16. The resistance (Rs) value of 1.06Ω
and the Rct is 1.39Ω for ASC prove the outstanding electrical con-
ductivity of electrode. In addition, the cycling stability is one of the
critical aspects to determine the feasibility of the energy storage. Re-
markably, the ASCs can retain 90.1% of the initial capacity after 10 000
cycles at 10 A g−1, indicating the outstanding stability (Fig. 7e), which
benefit from the engineered hierarchical structure and the unique
composition. Moreover, as the energy storage devices, the practical
application of the ASCs were fully explored. The arranged as “ZJNU”
can be easily lit up by two ASCs in series (in the inset of Fig. 7e). The
energy density and the power density are two significant factors for the

Fig. 7. Electrochemical performances of the as-prepared MoS2/NiCo2S4@C//AC ASCs. (a) Schematic illustration of the fabricated ASCs. (b) CV curves at different
scan rates, (c) GCD curves at different current densities. (d) Specific capacities and coulombic efficiency at different current densities. (e) Cycling stability at 10 A g−1

and the inset in panel shows the LED lights powered by two ASCs in series. (f) The Ragone plot related to energy and power densities.
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evaluation of ASCs, which can be calculated based on the GCD curves
(Fig. 7f). More significantly, the energy density of our ASC device ex-
hibits 53.01Wh kg−1 at a power density of 4.20 kW kg−1 and even
maintains 36.46Wh kg−1 at the ultrahigh power density of
73.75 kW kg−1, which is comparable to those of recently reports, such
as Ni3S4-MoS2//AC (18.75Wh kg−1 at 7.5 kW kg−1) [56], Ni-S/MoS2/
CNT//AC (16.3Wh kg−1 at 16.8 kW kg−1) [57], NiCo2S4-C-MoS2//AC
(14.4Wh kg−1 at 8 kW kg−1) [26], Ni(OH)2/MoS2//rGO
(27.5Wh kg−1 at 3.75 kW kg−1) [58], MoS2/Ni3S2//rGO (12Wh kg−1

at 2.4 kW kg−1) [59], NiCo2S4//AC (6.8Wh kg−1 at 9.8 kW kg−1) [60],
CuS//AC (12Wh kg−1 at 4.32 kW kg−1) [61], K0.27MnO2·0.6H2O//AC
(17.6Wh kg−1 at 2.0 kW kg−1) [62], CoO/Co3O4//AC (3.72Wh kg−1

at 4.06 kW kg−1) [63], Cu-W-S//Graphene (3.57Wh kg−1 at
12.86 kW kg−1) [64], Cu3SbS4/Ni-5//Cu2MoS4/Ni (28.33Wh kg−1 at
6.36 kW kg−1) [65], PB@MnO2//PG (11.3Wh kg−1 at 5.5 kW kg−1)
[66] (Table S3). These results indicate that the ASCs have bright future
for energy storage.

4. Conclusions

In summary, we have successfully fabricated a hierarchical MoS2/
NiCo2S4@C HMSs through a self-template strategy. Benefiting from the
unique structural and compositional advantages, the MoS2/NiCo2S4@C
HMSs electrode delivers a higher specific capacity of 250mAh g−1 at
the current density of 2 A g−1, which is 1.8 times and 2 times larger
than the MoS2/NiCo2S4 NPs and NiCo2S4@C NPs, respectively. In ad-
dition, the MoS2/NiCo2S4@C HMSs electrode also exhibits the ultrahigh
rate capability of 91.1% at a current density from 2 to 40 A g−1 and
superior stability with 87% of the initial capacity after 4000 continuous
cycles at the current density of 10 A g−1. The ASC device comprising
MoS2/NiCo2S4@C HMSs and AC electrodes achieves an excellent en-
ergy density of 53.01Wh kg−1 at a power density of 4.20 kW kg−1 and
even retains 36.46Wh kg−1 at the ultrahigh power of 73.75 kW kg−1.
Interestingly, the ASC also remains excellent cycling stability of 90.1%
retention after 10 000 cycles at 10 A g−1. This work provides a per-
spective for offsetting the drawbacks between the multi-metal sulfides
and carbonaceous materials, which demonstrates great potential for
future energy storage or conversion.
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