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Abstract 

Developing high-performance supercapacitors is an effective way to meet the ever-

increasing energy storage demand for emerging devices, but the inferior rate 

performance, especially for battery-type supercapacitors, limits their large-scale 

utilization. Herein, the porous hierarchical nickel cobalt sulfide (NiCo2S4) was 

constructed by a novel strategy that the synthesized nickel cobalt oxide nanosheets as 

chemical template by hydrothermal method. Furthermore, the backbone of nickel cobalt 

oxide nanosheets converted to NiCo2S4, which extremely enhances entire conductivity 

and keeps playing the role of matrix support to buffer the volume variation. Benefiting 

from high specific area (79.9 m2 g-1), suitable nanopores for KOH electrolyte, and 

multiple Co/Ni valence, the hierarchical NiCo2S4 electrode delivers a high capacity of 

1035.1 F g-1 at a current density of 1 A g-1, and an ultrahigh rate performance of 80.9% 

capacitance retention at 20 A g-1. In addition, the assembled asymmetric supercapacitor 

device (activated carbon as negative electrode) could achieve the maximum capacity of 

102.4 F g-1 at 5 mV s-1 and well maintain at 80.5 F g-1 at 50 mV s-1. The maximum 

energy density of 35.4 Wh kg-1 can be obtained at a power density of 0.4 kW kg-1. These 

results indicate that this hierarchical NiCo2S4 could be served as high rate performance 

electrode materials for advanced supercapacitors. 
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1. Introduction 

    In the 21st century, environmental pollution and energy crisis have promoted to 

accelerate the sustainable development of green economy/energy. Therefore, the 

evolution of clean energy (such as solar, wind, and nuclear energy) is imperative [1]. 
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Meanwhile, new energy storage devices need to be developed to adapt the renewable 

resources to overcome future energy anxiety. Among them, supercapacitors (also 

known as electrochemical capacitors) have drawn a widespread attention owing to their 

special strength, such as cyclical stability, high power density and fast charge/discharge 

rate [2]. These merits endow them a broad potential application in electric vehicles, 

uninterrupted power supplies, smart microgrids and wind turbine pitch field, etc. 

Electrode materials are the vital component of supercapacitors and their capacity 

governs the whole devices. Development of high-performance supercapacitors 

electrode materials mainly derives from three kinds of materials, such as conducting 

polymers, transition metal compounds, and carbonaceous materials. Conductive 

polymers are cost-effective but yield to capacitance and cycling ability. Carbonaceous 

materials are superior to cyclic and rate performance, but subject to low capacity and 

energy density. As for transition metal compounds, they have the unparalleled 

advantage of high specific capacitance and energy density. Among transition metals, 

nickel cobalt compounds materials (such as sulfides, oxides[3], hydroxides[4], and 

nitrides[5]), are regarded as the most potential electrode materials owing to their 

conductivity, theoretical capacity, redox activity, eco-friendly and vast reserves.  

    Spinel ternary nickel cobalt sulfides (NiCo2S4 or CoNi2S4), as a novel class of 

nonprecious electrode materials, draw an extensive attention owing to their narrow 

band gap (Eg = 2.4V) with a high conductivity, 100 times higher than NiCo2O4 or 

corresponding single metal sulfides (such as Ni2S3, Co8S9, CoS) [6, 7]. Due to their 

superior electrical conductivity, nickel cobalt sulfides are the most researched for 

supercapacitors, Li ion batteries, Zn-Air batteries, Na ion batteries, solar cells, and fuel 

cells[8]. However nickel cobalt materials suffer from inferior rate performance and 

cycle ability (actually, it is a common problem of battery-type materials) as comparable 

to EDLC, which hinders them from a wide scope of applications. For example, Wu [9]et 

al synthesized NiCo2S4 nanosheets exhibiting a high specific capacitance of 744 F g-1

at 1 A g-1 but suffering from an inferior cycle performance. Similarly, Yu [10] et al 

fabricated NiCo2S4 discs with a capacitance of 908 F g-1 at 3 A g-1 but subjected to poor 

rate performance of 610 F g−1 at 20 A g−1. To address these cycling and rate problems, 

nanostructured engineering is the most common strategy to overcome these issues, and 

various nanostructured architectures of NiCo2S4 (for example, cage, tube, sheet, sphere, 

wire, and hollow ball) had been constructed and made some improvements [11, 12]. 

However, nanostructured materials cannot avoid the problem of self-aggregate because 

of their high surface energy, and the self-aggregation of nanostructured materials 

decreases specific area and redox sites [13]. Consequently, templates are introduced to 

improve electrochemical performance. Up till now, NiCo2S4 growth normally on 

carbon cloth [12], nickel foam [14], zeolitic imidazole frameworks [15], Polyaniline 

[16], Co(OH)2 [17], NiCo2O4 [18], CNTs [19], and graphene [20]. These reported 

substrates are normally physical templates which could not disappear or dissolve and 

were kept as the second phase for composites with the growth of NiCo2S4. Thus, the 

conductivity of composites is obviously improved because the second phase has a much 

lower conductivity than NiCo2S4 (except CNTs and graphene). Consequently, it will be 

challenging to find a kind of material that can play a template role and eventually 



converted to NiCo2S4.   

According to previous literature, NiCo2O4 is much stable than NiCo2S4 because of 

the oxygen saturation, implying the possibility of high cycle stability [18]. Our previous 

research [21] indicated that NiCoxOy nanosheets remains 86.5% of its initial capacity 

after 4 000 cycles but the capacity is still unsatisfactory. Consequently, it would be 

promising that the combination of spinel nickel cobalt oxides and sulfides with their 

strengths of cycle stability and capacitance, respectively. Actually, the combination of 

NiCo2O4 and NiCo2S4 was reported [xx], and the combined materials were normally 

prepared on nickel foam or carbon cloth substrate and the NiCo2O4 phase was remained, 

which struggle to reach excellent electrochemical performance [22, 23]. Specifically, 

three-dimensional NiCo2O4/NiCo2S4 hybrids were deposited on nickel foam and 

obtained high specific capacitance, but the capacitance retention could just keep 75.4% 

with 4-fold increase of current density [24]. This implies the absence of NiCo2O4

increase electrical resistivity of the whole composites and further affects the rate 

performance. To address these problems, the backbone of NiCoxOy nanosheets were 

firstly constructed and then converted to sulfides, and NiCo2S4 nanoparticles were 

grown on them by the same time. Besides, due to the introduction of sheets, the 

nanoparticles could both avoid agglomerating and achieve high specific area along with 

rich redox sites. Inspired by above consideration, we focus on exploring a template-free 

method to prepare hierarchical NiCo2S4 electrode materials toward high rate energy 

storage devices.  

In this paper, we synthesized NiCo2S4 powders along with achieving the goal of 

template converted to NiCo2S4. Benefiting from the backbone architecture and high 

specific area, the synthesized NiCo2S4 exhibits superior electrochemical performance, 

especially in rate performance. In addition, a hybrid asymmetric supercapacitor (ASC) 

was successfully assembled and it delivered a high energy density and excellent rate 

performance. 

2. Experimental section 

2.1. Materials and synthesis 

    1.164 g Co(NO3)2·6H2O, 0.582 g Ni(NO3)2·6H2O, and 1.207 g 

hexamethylenetetramine were dissolved into 20 mL ethanol and 50 mL deionized water 

(donated as DI water). The solution was heated at 120 °C for 2 h under reflux. After 

cooling, precipitates were washed with DI water and ethanol and then dried in a blast 

oven at 60 °C. The dried materials were calcined in air atmosphere at 300°C for 2 h to 

obtain self-assembled (NiCoy)3O4 nanosheets.  

0.3 g (NixCoy)3O4 nanosheets were dispersed in 60 mL DI water under strong 

ultrasonic treatment. The 60 mL dispersion was then mixed with 20 mL ethanol, 0.582 

g Ni(NO3)2·6H2O, 1.164 g Co(NO3)2·6H2O, 0.72 g urea, and 0.6 g thioacetamide. 

Finally, the mixture was transferred to a 100 mL hydrothermal vessel and heated in an 

oven at 200 °C for 12 h. After naturally cooling, the precipitates were collected and 

washed by DI water and ethanol several times. Finally, they were dried in a vacuum 

oven at 60 °C for 12 h and then the NiCo2S4 powders were obtained. 



2.2 Material Characterization 

    The crystal phases of the samples were characterized by X-ray diffraction (XRD, 

Miniflex600, Rigaku) by Cu Kα (λ= 0.15418 nm) radiation. The microstructure was 

directly examined by high resolution transmission electron microscopy (HRTEM, FEI 

Tecnai G20) furnished with selected area electron diffraction, and field emission 

scanning electron microscopy (FESEM, Hitachi SU-70). X-ray photoelectron 

spectroscopy (XPS, Microlab 350) was carried out to measure sample’s surface 

chemical states (Al Kα source). The N2 adsorption/desorption isotherms and Brunauer-

Emmett-Teller (BET) specific surface area of the samples were measured at liquid 

nitrogen temperature (77 K) by Micromeritics ASAP 2010. 

2.3 Electrochemical Characterization 

    The electrochemical performance of the sample was evaluated via electrochemical 

workstation (CHI660E, Chenhua). The working electrode was fabricated by following 

procedure: 80 wt.% active material (NiCo2S4), 10 wt.% acetylene black, and 80 wt.% 

polyvinylidene difluoride were mixed in N-methyl pyrrolidone (NMP), coated on 

nickel foam, and then pressed by 10 MPa. The average mass load of active material on 

nickel foam is 2 ~ 3 mg. Besides, Hg/HgO, platinum plate (1.5 × 1.5 cm), and 3 M 

KOH and were used as reference electrode, counter electrode and aqueous electrolyte, 

respectively. The capacitance of the electrode can be calculated by the following 

equation: 

�� =
���

���

(1)

    Where I (A), Δt (s), m (g), and ΔV (V), represent current, discharge time, mass of 

active material, and discharge potential window, respectively. A hybrid asymmetric 

supercapacitor was assembled, where NiCo2S4 and activated carbon were used as 

positive and negative electrode, respectively. To balance the positive/negative 

electrode charge (Q+=Q-) during the assembly, the mass of each electrode could be 

trimmed by the following equations: 

Q=CmV (2)
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    In addition, the energy density (E, Wh kg-1) and power density (P, W kg-1) of the 

ASC devices can be calculated by the following equations (based on the whole weight 

of active materials of device): 

� =
���
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(4)
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3. Results and discussion 

    Scheme 1 summarizes the overall synthesis process of hierarchical NiCo2S4. 

Briefly, nanosheet structured Ni-Co precursors were prepared by the heated reaction 

solution under reflux condensation. Water and carbon dioxide will volatilize and escape 



from core zone during the calcination process, and the porous and rough nickel cobaltite 

could be synthesized with the help of gas escape. Then, owing to the introduction of 

nanosheet matrix, NiCo2S4 nanoparticles were preferential growing on nanosheets 

(heterogeneous nuclei factor) and simultaneously sulfurizes nickel cobaltite. Finally, 

hierarchical NiCo2S4 was obtained. 

Scheme 1 Synthesis diagram of NiCo2S4

    The samples were firstly analyzed by XRD to confirm their phase and crystallinity, 

as presented in Figure 1a. The calcined products can be easily indexed to spinel nickel 

cobaltite Ni1.71Co1.29 O4 (denoted as NCO, JCPDS 40-1191). Then NiCo2S4 was 

synthesized on NCO substrate by hydrothermal method. As for nickel cobalt sulfides, 

it can be found that main diffraction peaks of the pattern can correspond to the lattice 

planes of (220), (311), (400), (511) and (440) with NiCo2S4 (JCPDS 20-0782) at 26.54°, 

31.48°, 38.14°, 50.44° and 55.14°, respectively.  NCO peaks were not observed in the 

patterns, which could be the displacement of O by S atom because of sulfur addition. 

From the SEM image of NCO (Figure 1b), the self-assembled structured nanosheets 

(NCO) can be observed with a length of around 1 μm. Figure 1c and d display the 

morphology of NiCo2S4 by SEM with different magnifications. It can be found that 

NiCo2S4 is mainly composed of a few micrometers (length direction) of sheets with 

basal growth of some much smaller nanoparticles with ca. 40 nm in size. The self-

assembled nanosheet NCO could be detached after dispersion treatment, and then 

nanoparticles could anchor on nanosheet, which can be confirmed by the hierarchical 

NiCo2S4 (as shown in Figure 1d). This indicates that NiCo2S4 is composed of the 

structured NiCo2S4 nanosheet converted by NCO through sulfidation and new NiCo2S4

nanoparticles anchored on the surface of nanosheets. The nanosheet structure provides 

a scaffold support to the growth of particle and avoid agglomeration, which is beneficial 

to high porosity. Combined with aforementioned XRD analysis, the NCO also acts as a 

template-free role.  



Figure 1 (a) XRD patterns of NCO and NiCo2S4, (b) SEM images of NCO, (c, d) 

SEM images NiCo2S4 with different magnification. 

    More intrinsic features of the hierarchical NiCo2S4 were explored by TEM and 

HRTEM, as presented in Figure 2. Figure 2a indicates that the nanoparticles are closely 

anchored on the nanosheet. From the HRTEM image (Figure 2b), the well-defined 

lattice fringes with different grain orientation can be easily recognized that it confirms 

the polycrystalline and high crystallinity characteristics. Moreover, the lattice 

interplanar space of 0.33 and 0.28 nm exactly matches the (220) and (311) planes of 

NiCo2S4, respectively. According to the selected area electron diffraction (SAED) 

patterns, a series of diffraction ring-spots could be observed, which confirmed 

polycrystalline. These ring-spots can be indexed to (220), (311), (400), (511), and (440) 

planes, which is in good agreement to the XRD analysis and reinforces the composition 

of NiCo2S4. 

Figure 2 (a) TEM image, (b) HRTEM, and (c) SAED pattern of NiCo2S4. 

    The surface elemental valence composition and bond states were probed by XPS. 

The overall spectrum of NiCo2S4 is presented in Figure 3, which manifests that the 



sample is composed of Ni, Co, and S elements. The Ni 2p core-level spectrum is shown 

in Figure 3b, where two spin-orbit doublets (2p3/2 and 2p1/2) and two shake-up satellites 

(marked as “Sat.”) are observed. The binding energy of Ni 2p (Figure 3b) centered at 

853.1 and 870.5 eV corresponds to Ni2+, and peaks at 856.2 and 874.1 eV can be 

ascribed to Ni3+. Similarly, the Co 2p spectrum (Figure 3c) can also be divided 2p3/2 and 

2p1/2, where the distinct peaks located at 778.6 and 781.2 eV are indexed to Co3+. In 

addition, those peaks at 781.2and 797.3 eV typically represent Co2+. The stronger peaks 

of Co3+ signal than Co2+ prove the former accounted for major composition. Figure 3d 

displays S 2p spectrum and those distinct peaks at 161.4 and 162.5 eV can be in good 

agreement with S 2p3/2 and S 2p1/2, respectively. The peak of binding energy located at 

161.4 eV is derived from low coordination near the surface, while the binding energy 

at 162.5 eV corresponds to metal-sulfur bond (Ni-S and Co-S)[15]. Moreover, the 

appearance of Ni3+ will introduce additional electrons by n-type doping and those Co2+

cations will synchronally offer superfluous holes served as p-type doping. Based on the 

harvest of self-doping, higher conductivity could be achieved, which is beneficial to 

electrochemical performance (especially in high rate ability) [25]. All above 

information manifests that the sample of NiCo2S4 is composed of multiple valence of 

Ni2+, Ni3+, Co2+, Co3+ cations, S2− anions, and these mixed valences provide the 

possibility of rich redox reactions. 

Figure 3 (a) XPS survey spectrum of NiCo2S4, (b–d) XPS spectra of Ni 2p, Co 2p, 

and S 2p, respectively. 



    The porosity has a strong relationship to electrochemical reaction sites and the 

sample of NCO and NiCo2S4 was explored by N2 adsorption/desorption tests at 77 K, 

and the obtained adsorption/desorption isotherms are presented in figure 4a. These two 

isotherms of NCO and NiCo2S4 pertain to Langmuir H4-type with a noticeable 

hysteresis loop in the range of 0.4 ~ 1 P/P0 (the latter one distributes in 0.65 ~ 1 P/P0), 

which indicates that they hold the characteristic of microporous and mesoporous. The 

BET specific area of NiCo2S4 is calculated to be 79.9 m2 g-1, which is inferior to NCO 

matrix (99.6 m2 g-1) because of the new large nanoparticles, but it is still much larger 

than most other NiCo2S4 reported values, for example, ZIF-NiCo2S4 (50.56 m2 g-1)[15], 

nickel cobalt sulphides (21.3 m2 g-1)[26], C-NiCo2S4 (64.7 m2 g-1)[27], NiCo2S4 (24.39 

m2 g-1)[28], NiCo2S4 nanoparticle (42.79 m2 g-1) [29], C-NiCo2S4 nanoflakes (56.8 m2

g-1)[30] and just less than NiCo2S4 aerogels (125.7 m2 g-1). In addition, the pore volume 

of sample of NiCo2S4 is ca. 0.256 cm3 g-1. In a word, this rough surface provides rich 

active sites to electrolyte permeation. The pore size distribution (PSD) was calculated 

by Barrett-Joyner-Halenda (BJH) method, and the results are as shown in Figure 4b. 

The BJH pore size distribution is extracted from desorption branch and the PSD of 

NCO is mainly distributed in the zone of less than 10 nm, but NiCo2S4 mainly 

distributes 1~3 nm and 10 ~ 30 nm zone. All these results confirmed that NCO and 

NiCo2S4 have a typical mesoporous structure. Especially for NiCo2S4, suitable PSD 

containing both big and small hole distribution is beneficial to KOH electrolyte 

infiltration, transfer, and supply rich redox sites [31, 32].  

Figure 4 (a) N2 adsorption/desorption isotherms, (b) BJH pore size distribution. 

    Electrochemical performance of the synthesized NCO and NiCo2S4 was firstly 

evaluated by cyclic voltammetry (CV) measurement in a potential window of 0 ~ 0.6 

V. Figure 5a displays the CV curves of NiCo2S4 at different scanning rates ranging from 

2 to 20 mV s-1. With 20 times increase of scan rate, only 0.099 V potential of anodic 

peak deviates which indicates extremely low polarization. Besides, the profile of CV 

curves occurs little distortion during the increase, implying that the NiCo2S4 electrode 

holds quick response behavior. All these CV curves exhibit a couple of redox reaction 

meaning typical battery-type behavior, corresponding to convention of Ni2+/Ni3+ and 

Co2+/Co3+/Co4+ [15]. Owing to nearby redox potential of Ni/Co cations, only one couple 

of redox peaks can be observed which is caused by their overlapped peak currents [25]. 

To further explore the control step of redox reactions, the relationship of scan rate and 



anodic current density was fitted and the results are shown in figure 5b. The linear 

relation of current and the square root of scan rate (Pearson ratio is close to 0.999) 

indicates that the controlled diffusion is kinetic process [33]. Figure 5c shows the 

comparison of NiCo2S4 and NCO CV curves at the same scan rate of 20 mV s-1. It can 

be noticed that the oxidation (or reduction) peak current of NiCo2S4 is higher than that 

of NCO and the closed CV curve area of the former one is much larger, indicating 

higher capacitance of NiCo2S4. Figure 5d presents the NiCo2S4 galvanostatic 

charge/discharge (GCD) curves which were performed at 1 ~ 20 A g-1 (the detailed 

information of 0 ~ 200 s is shown in Figure S1). Each GCD curve displays excellent 

symmetry and in apparent IR drop can be observed, which indicates the excellent 

reversibility and high conductivity.  



Figure 5 (a) CV curves of NiCo2S4 at various scan rates, (b) relation of current vs.

square root of scan rate, (c) CV curves of NiCo2S4 and NCO at 20 mV s-1, (d) GCD 

curves of NiCo2S4 at various current densities, (e) specific capacities of NiCo2S4 and 

NCO at various current densities, (f) Nyquist plots of NCO and NiCo2S4 (inset is 

enlarged Nyquist plots) 
    Figure 5e shows the specific capacity of NiCo2S4 and NCO at different current 

densities from 1 to 20 A g-1. The high specific capacitance value of NiCo2S4 (calculated 

by equation 1) are 1035.1, 967.2, 920.0, 869.7, and 836.4 F g-1 at current densities of 1, 

6, 10, 16 and 20 A g-1, respectively. Compared with NCO, the specific capacitance of 

NiCo2S4 is highly ameliorated. Taking the example of current density at 1 A g-1, the 

specific capacitance of NiCo2S4 compares to NCO increase 33.8%. The capacity of 

NiCo2S4 has remained 80.8% after the current density has increased twentyfold, 

showing excellent rate performance. Gratifyingly, it is much higher than other reported 

values, such as NiCo2S4 nanoparticles (77%, 10 times)[34], CoNi2S4-Graphene-2D-

MoSe2 (50.8%, 20 times)[35],  NiCo2S4 (65%, 10 times)[36], DNA-NiCo2S4 (74.3%, 

15 times)[37]. The excellent rate performance is honored by the high conductivity and 

low transfer resistance which benefited by sheet structure during the redox reaction. 

The resistance properties of the NiCo2S4 and NCO were measured by electrochemical 

impedance spectroscopy (EIS), which was conducted in the frequency region from 10-

2 Hz to 105 Hz with a 5 mV AC perturbation (as shown in Figure 5f). Both the two EIS 

spectra are composed of two regions, one straight line that implies Warburg resistance 

in low frequency and the semicircle stands for charge transfer resistance in high 

frequency. According to the fitting of equivalent circuit (as shown in Figure S2), 

NiCo2S4 holds smaller internal resistance of 0.61 Ω than NCO (0.68 Ω) verifying the 

high conductivity of the former one. On the other side, charge transfer resistance of 

NiCo2S4 (0.22 Ω) is also smaller than NCO (0.55 Ω). Overall, the small resistance and 

well electron/ions transport of NiCo2S4 can be attributed to porous hierarchical structure 

which facilitates OH− cations fast transfer, and it’s favorable to electrochemical rate 

performance. 

    To fully assess the practical potential of the synthesized NiCo2S4 for high rate 

energy storage devices, an asymmetric supercapacitor (ASC) was assembled, using 

NiCo2S4 as positive electrode and AC as negative one (as shown in Figure 6a). Figure 

S3 displays the CV curves of NiCo2S4 and activated carbon electrodes in potential 

windows of -1.0 ~ 0 and 0 ~ 0.6 V at the scan rate of 20 mV s-1 in traditional three-

electrode system, respectively. These results indicate that both two electrodes could be 

assembled in a device whose operation potential window can extend to as high as 1.6 

V. Figure 6b shows a series of ASC CV curves in 0 ~ 1.6 V with different scan rates 

from 5 to 50 mV s-1. The profile of these curves appears distinct rectangular-quasi 

features, confirming their dual contribution of activated carbon (EDLC performance) 

and NiCo2S4 (battery-type performance). Meanwhile, GCD tests were also conducted 

in 0 ~ 1.6 V at various current densities ranging from 0.5 to 10 A g-1 (Figure 6c). The 

symmetric profile and low IR drop manifest desirable electrochemical performance in 

potential.  



Moreover, the specific capacity of the ASC was calculated by CV and GCD, 

respectively, and the results are presented in Figure 6d. The maximum specific 

capacitance by GCD calculation is 99.7 F g-1 at 0.5 A g-1 and it holds at 65.6 F g-1 after 

the current increases to 10 A g-1. The specific capacitance by CV is calculated to be 

102.4, 96.5, 90.1, 86.0, 82.8, 80.5 F g-1 at 5, 10, 20, 30, 40, 50 mV s-1, respectively. In 

general, the device exhibits excellent rate performance of 78.6% after tenfold (scan rate) 

increase. This favorable rate performance is much superior to most previous reports, 

for instance, NiCo2S4 nanosheet//AC (51.4%, 20 fold) [38], NiCo2S4 aerogel//AC 

(54.9%, 10 fold)[39]. Due to the excellent cycle performance of NCO and the high 

specific capacity of NiCo2S4, it will be interesting to explore whether NiCo2S4

composite can maintain excellent cycle or not. It can be seen that the cycle durability 

of the ASC device over 2 000 cycles of GCD tests at a current density of 5 A g-1 and the 

results are shown in figure 6e. The capacity was maintained at 92.4% of the initial 

capacity after 2 000 cycles, exhibiting outstanding cycle stability.  

    The energy density and power density are key parameters for supercapacitors in 

practical applications. Based on the capacitance calculated by GCD, the energy density 

and power density are obtained (calculated by equation 4 and 5) and the Ragone plots 

are shown in Figure 6f. Remarkably, the maximum energy density of the ASC is 35.4 

Wh kg-1 at 0.4 kW kg-1, which is higher than some recently reported values, for example, 

NiCo2S4 rGO//AC (27.5 Wh kg−1) [40], rGO/CoNiSx/N–C//AC(32.9 Wh kg−1)[41], 

NixCo3-xS4//carbon xerogels (32.2 Wh kg-1)[23]. With the power density increasing up 

to 8 kW kg-1, it still remains the energy density of 23.3 Wh kg-1. These desirable results 

reveal that the NiCo2S4 ASC is capable of high rate energy storage devices.  



Figure 6 (a) Structural diagram of the NiCo2S4//AC, (b) CV curves with different scan 

rates of the ASC, (c) GCD curves with different current densities of the ASC, (d) 

Specific capacitance of the ASC calculated by various current densities and scan rates, 

(e) Cycle performance of the ASC at a current density of 5 A g-1, (f) Ragone plots of 

the ASC energy density vs. power density. 

    The inspiring electrochemical performance of NiCo2S4 could be ascribed to the 

following reasons. The sheet structure can buffer the volume variation to increase cycle 

performance. In addition, the original NCO acts as backbone substrate role for 

constructing NiCo2S4 nanoparticles, which is beneficial to shorten OH− transportation 

pathway and diminish transfer resistance of the electrode, contributing to high rate 

performance. The rough surface, porous structure and high specific area features could 



provide NiCo2S4 more exposed to electrochemical active sites to fully embrace KOH 

electrolyte. The capacity can be largely enhanced by the synergistic effect of multiply 

valence of nickel and cobalt cations. Besides, the wonderful performance of ASC 

device could be attributed to the special bridge of high capacity NiCo2S4 nanoparticles 

on high cycle stability NCO nanosheet.  

4. Conclusion 

    In summary, the porous hierarchical NiCo2S4 was successfully synthesized using 

the synthesized NCO nanosheets as chemical template by a hydrothermal process. The 

structured NCO nanosheets firstly act as a backbone and eventually converts to NiCo2S4

by sulfidation. Owing to high porosity (79.9 m2 g-1), hierarchical structure, suitable pore 

size, mixed cobalt and nickel valence, superior electrochemical performance in 

supercapacitor of NiCo2S4 electrode materials is achieved, especially in rate 

performance (80.9% retention of 20 times increase). In addition, the assembled 

asymmetric supercapacitor (NiCo2S4//AC) can deliver a maximum energy density of 

35.4 Wh kg-1 at 0.4 kW kg-1 and excellent rate performance. Overall, this synthesized 

routine provides a new strategy to construct inspiring hierarchical NiCo2S4 electrode 

materials, which could be served as a promising alternative way for high rate 

performance energy storage devices. 
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