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a b s t r a c t 

The structural stability of electrode materials is the crux of significantly improve the electrochemical per- 

formance of pseudocapacitor electrodes. Herein, we demonstrate the preparation of NiCo 2 S 4 with core- 

shell and micro-porous structure on nickel foam as an efficient anode material for asymmetric superca- 

pacitor (ASC) via hydrothermal and co-sulfurization processes. The NiCo 2 S 4 electrode shows a remarkable 

specific capacitance of 850.2 C g −1 at 1 A g −1 , and retains 93.6 % original capacitance after 50 0 0 cycles. 

Furthermore, the NiCo 2 S 4 electrode also have excellent electrochemical performance when used as an 

anode of asymmetric NiCo 2 S 4 //Active Carbon (AC) supercapacitor, which generates an energy density as 

38.1Wh Kg −1 at 700 W kg −1 and 84.3% capacity retention after 50 0 0 cycles. This work provide an effi- 

ciently method to suppress volume expansion during sulfuration reaction by core-shell structure, which 

potential application in transition metal sulfides electrode materials in electrochemical energy storage 

and conversion devices. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Owing to the excessive of energy consumption and environ- 

ental challenge, new systems for energy storage devices in- 

lude lithium ion batteries (LIBs), solar cells and supercapacitors 

SCs), have attracted substantial attentions [ 1–5 ]. Especially, SCs 

re served as an extraordinarily great performance device in many 

eld including electronic products and powerplants due to its high 

ower density, high power output, excellent stability and rapid 

ates in charge and discharge cycles [ 6–8 ]. According to energy 

torage mechanisms, SCs can be categorized as pseudocapacitors 

nd electrical double layer capacitors (EDLCs) [ 9 , 10 ]. ELDCs are 

ased on the storage of electrostatic charge on the electrode sur- 

aces, while pseudocapacitors are depend on redox reactions on 

he electrodes surface [ 11–13 ]. In general, the capacitance per- 

ormance of most pseudocapacitors is better than that of EDLCs, 

hich is benefiting from the fast reversible Faraday reaction oc- 

urred near the surface regions of the electrodes [ 14–16 ]. However, 

ower energy density limit the application of SCs in energy storage 

evices [17] . It can be raised energy density of the SCs through 
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evelop outstanding electrode materials with high energy density 

nd constructing asymmetric supercapacitors (ASC) [ 18 , 19 ]. 

In the past decade, considerable effort s have been dedicated to 

xploring transition metal-based compounds, including transition 

etal oxides (TMOs) [ 20–22 ], transition metal hydroxides [ 23–25 ], 

ransition metal selenides [ 26 , 27 ], and transition metal sulfides 

 28–31 ] are studied as effective electrode materials. In particular, 

ransition metal sulfides are widely used as electrode materials in 

igh performance ASC because of high electron transfer rates and 

ich reversible redox reaction active sites [ 32–34 ]. Recently, the 

esearch of nickel-cobalt binary-metal sulfides has been widely 

eported because of smaller band gap and better conductivity 

an offer high theoretical capacity [35] . Wang et al. reported 

hat the NiCo 2 S 4 nanosheets growth on nickel foam with the 

icrowave method, which shows an excellent performance of 

00.8 C g −1 (1502 F g −1 ) at 1 A g −1 [19] . Dong et al. constructed

iCo 2 S 4 /grapheme composites electrode material for supercapac- 

tors with shows an excellent performance of 455 C g −1 (910 F 

 

−1 ) at 1 A g −1 [36] . Huang et al. prepared hollow and spinous

iCo 2 S 4 nanotubes use the natural silk as the template through 

 hydrothermal reaction, which shows a high specific capacitance 

f 346.5 C g −1 (630 F g −1 ) at 1 A g −1 and still retained 91% after

0 0 0 cycles [30] . In a nutshell, nickel-cobalt sulfides have good 

https://doi.org/10.1016/j.electacta.2021.137794
http://www.ScienceDirect.com
http://www.elsevier.com/locate/electacta
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Scheme 1. Schematic illustration of synthetic process for NCS-A 
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onductivity and high specific capacitance showing great potential 

s energy storage materials. 

Core-shell structure with highly ordered spatial structure, fast 

on transport rate, and excellent structural stability are currently 

 favorable design in electrode materials [ 37–39 ]. Generally, the 

ore of core-shell structure is usually designed as nanowires (or 

anorods/nanospheres) and the shell is designed as nanosheets (or 

anoparticles) to achieve better stable structure. Among the quan- 

ities of two-dimensional (2D) metal-based materials, the prepara- 

ion of electrode materials using metal-organic frameworks (MOFs) 

s precursor has aroused much interest in recent year [ 40–42 ]. Al- 

hough MOFs have high specific surface area, but most MOFs mate- 

ials are unstable in acidic or alkaline electrolyte, even decompose 

o structural collapse. Therefore, many researchers use MOFs as a 

recursor for preparing metal-based materials, such as NiO [43] , 

o 3 O 4 [44] , Co 3 S 4 [45] , CoMo x O y [46] , MnNi 2 O 4 [47] . 

In this work, we have successfully synthesized core-shell and 

icro-porous structure nickel cobalt sulfides, and use it as elec- 

rode materials in high-performance supercapacitors. The NiCo 2 O 4 

named as NCO) nanowires were first synthesized by hydrothermal 

ethod due to the advantages of simple and easy control in the 

ynthesis of metal oxides [ 48–50 ], and then NiCo-MOF nanosheets 

rystallization on the surface of the NCO nanoarrays, and NiCo 2 S 4 
anorods are finally synthesized by a hydrothermal sulfurization 

ethod with a core-shell structure. The prepared NiCo 2 S 4 elec- 

rode shows desirable electrochemical properties with 850.2 C g −1 

t 1 A g −1 , while still retained 93.6% after 50 0 0 cycles. Moreover,

he as-prepared ASC made up of the NiCo 2 S 4 electrode and active 

arbon (AC) shows an excellent specific capacity of 140 F g −1 at 1 

 g −1 and energy density of 38.1 Wh kg −1 at 700 W kg −1 , as well

s the remarkable cycling stability of 84.3% capacity retention after 

0 0 0 incessant cycles. This design demonstrating nickel cobalt sul- 

des with core-shell structure provides a novel strategy to improve 

lectrochemical performance of NiCo 2 S 4 and shows substantial po- 

ential uses for energy storage devices. 

. Results and discussion 

The preparation procedure of NiCo 2 S 4 is briefly exhibited in 

cheme 1 . First of all, the NCO nanowires arrays directly growth 

n the nickel foam (NF) by hydrothermal and annealed method 

ased on previous reports [51] . Then the NCO is dipped into the 

iCo-zeolitic imidazolate framework-67 (NiCo-ZIF-67) mixed so- 

ution, during this period Co 2 + as a mental ion combined with 

-methylimidazole, while high concentrations of Ni 2 + exchange 

art of Co 2 + on Co-ZIF-67. The excessive Ni 2 + can generate more 

 

+ during the hydrolytic process [52] , prompted the Co-ZIF-67 

hree-dimensional structure turn into NiCo-MOF (named as NCM- 

) nanosheet s, which lead to the single nanosheets intercon- 

ected and formed a network-like structure on the surface of NCO 
i

2 
anowires (named as NCO/NCM-A). In addition, PTA was used as 

rganic ligand for synthesized another kind of NiCo-MOF on the 

urface of NCO nanowires (named as NCO/NCM-B). In the final 

ulfuration reaction, the ion-exchange reactions occurred in NCO 

nd NCM-A with S 2 − ions. Because of the Kirkendall effect [53] , 

he NCO nanowires expand outward results in internal micro- 

orous structure, and the NCM-A nanosheets contracted inward 

o form nanoparticles which confine excessive expansion of the 

iCo 2 S 4 . In addition, the NiCo 2 S 4 obtained by NCO, NCO/NCM- 

, NCO/NCM-A (160 °C, 0.64 g Na 2 S), NCO/NCM-A (140 °C, 0.64 

 Na 2 S), NCO/NCM-A (180 °C, 0.64 g Na 2 S) NCO/NCM-A (160 °C, 

.48 g Na 2 S) and NCO/NCM-A (160 °C, 0.8 g Na 2 S) is named as

CS, NCS-B, NCS-A1, NCS-A2, NCS-A3, NCS-A4 and NCS-A5. Ta- 

le S1 shows the detailed parameters in the synthesis of each 

ample. 

SEM images of the resulting samples shown in Fig. 1 , the results 

 Fig. 1 a and 1 d) indicate that the NCO nanowires arrays are ver-

ical growth on the NF. Enlarged SEM image of nanowires shows 

niform distribution and smooth surface, with the diameter of a 

ingle NCO nanowire is about 40 nm. After the NCM-A nanosheets 

rystallized on the NCO nanowires, as shown in Fig. 1 b and 1 e. The

CM-A nanosheets complete coverage on every NCO nanowires, 

nd the unique nanosheets could form on the nanowires under the 

ild reaction conditions benefit from NiCo-ZIF-67, which different 

rom using PTA as ligand that grow directly into nanoparticles on 

anowires. In order to further understand the NCM formed by the 

wo ligands. The NCM-A and NCM-B directly grew in the NF (Fig. 

1), both of them grew as nanosheets, but NCM-B is much larger 

nd even nanoparticles can be observed at high magnification. 

uring crystallization on NCO nanowires, influenced by preferen- 

ial reduction of surface energy, the small size of NCM-A forms in- 

erconnected nanosheets, while the NCM-B tends to form nanopar- 

icles as Fig. S2. 

The NCS-A1 was prepared through hydrothermal sulfuration 

 Fig. 1 c and 1 f), NCO/NCM-A nanowires/nanosheets structure dis- 

ppeared and became rough nanowires coated with nanoparticles. 

he single NCS-A1 nanowire is about 80 nm and vertical growth on 

he NF with formed a core-shell structure. The effect of sulfuration 

eaction temperature on morphology can clearly observe from the 

EM images of NCS-A2 and NCS-A3 (Fig. S3). At low temperature 

he sulfuration reaction rate was reduced and S 2 − ions diffusion 

as slower, which may lead to more S 2 − ions aggregated nearly 

he heterogeneous surface formed by the NF and the nanorods, 

nd promoted over-sulfuration at the connection site between the 

F and the nanorods. This causes the nanorods fractured from the 

ottom and no longer be vertical. While high temperature lead 

o rapid disintegration of nanorods into nanoparticles and massive 

gglomeration to collapsed the structure. Different dosage of Na 2 S 

ere affected the sample size, which can observe from the SEM 

mages of NCS-A4 and NCS-A5 (Fig. S4). The diameter of nanowires 



J. Gong, J. Yang, J. Wang et al. Electrochimica Acta 374 (2021) 137794 

Fig. 1. SEM images of (a, d) NCO. (b, e) NCO/NCM-A. (c, f) NCS-A1. 
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ncreased from about 50 nm to about 150 nm with the increased 

f dosage of Na 2 S. The increase of the dosage of Na 2 S leads to a

igher concentration of sulfide ions released during the reaction, 

nd the Kirkendall effect in the formation of Ni-Co sulfide with 

etal ions becomes more obvious, and the diameter of nanorods 

ncreases [ 54 , 55 ]. The surface of NCS-B nanowires (Fig. S5a and 5b)

s smoother than that of NCS-A, which may due to the outward ex- 

ansion of NCO during sulfuration leads to the shed of some NCM- 

 nanoparticles with larger size. While the SEM images of NCS are 

hown in Fig. S5c and 5d. 

Furthermore, the TEM and HRTEM images of NCO/NCM-A and 

CS-A1 are shown in Fig. 2 . The TEM images of NCO/NCM-A 

 Fig. 2 a) clearly indicated that the multiple NCO nanowires were 

oated with NCM-A nanosheets. Due to the ultrasonic dispersion 

f the samples before TEM testing, some of the nanosheets on the 

op of the nanowires fell off, and exposed smooth NCO nanowires. 

he NCO nanowires ( Fig. 2 b) with a diameter of 45 nm are com-

osed of nanoparticles compactly forming. Fig. 2 c showed that NCS 

s composed by NCO core and NCM-A shell, which together consti- 

uted NCS-A1 nanorods with a core-shell structure, and the diame- 

er about 85 nm. It is worth noting that unlike NCO nanowires are 

ightly stacked by nanoparticles, NCS-A1 appeared micro-porous 

tructure both in the core and shell, which provides more efficient 

ons transport channel [56] . HRTEM images of NCS-A1 as shown 

n Fig. 2 d that calculated lattice spacing of 0.23 nm is indexed 

o the (400) plane of NiCo 2 S 4 . The results of HRTEM analysis fur-

her confirmed the excellent crystallinity of NCS-A1. In addition, 

he uniform distribution of Ni, Co and S elements on the surface of 

he example was further verified by EDS spectral mapping images 

 Fig. 2 e-h). Meanwhile, the EDS plot of NCO/NCM-A and NCS-A1 

re shown in Fig. S6 and S7. 

The phase structures of composites, is confirmed by the XRD 

atterns ( Fig. 3 a). For pristine NCO, all diffraction peaks are well 

ndexed to the NiCo 2 O 4 phase (PDF#20-0781) [57] , except for the 

eaks arising from the nickel foam which marked by ‘‘ ∗”. The 

iffraction peak of NCM was not observed in XRD pattern due to 

ts low crystallinity. After sulfuration reaction, the NiCo 2 O 4 diffrac- 

ion peaks disappeared and new diffraction peaks appeared in all 
3 
amples with the peak positions were indexed to the NiCo 2 S 4 
hase (PDF#20-0782) [58] . Moreover, the XRD patterns of NCM-B 

nd NCO/NCM-B as shown in Fig. S8. 

The FT-IR spectra of NCO, NCO/NCM-A, NCS-A1, NCS sam- 

les are shown in Fig. 3 b. Two characteristic peaks at 3399 

m 

−1 and 1626 cm 

−1 attributed to the hydrogen-bonded hydroxyl 

roups stretching vibration in the samples. The peaks at 661 

m 

−1 and 555 cm 

−1 attributed to the M–O bonds (M means Ni 

r Co) with stretching and bending in the NiCo 2 O 4 [ 3 , 59 ]. The

eak at 1085 and 2925 cm 

−1 attributed to the imidazole ring 

tretching and bending vibration, and the aromatic nucleus in 2- 

ethylimidazole vibration in the NCO/NCM-A, respectively [60] . 

rom NCS-A1 and NCS spectra, the new peaks emerge at 1101 (or 

061) and 630 (or 580) cm 

−1 after sulfuration reaction attributed 

o the S = O and the M–S (M means Ni or Co) with stretching and

ending, respectively. 

The complete XPS spectrum of the NCS-A1 sample ( Fig. 3 c) in- 

ludes Ni 2p, Co 2p, S 2p. The O element can be attributed to wa-

er molecules absorbed on the sample surface and the C element 

ay be intervention of CO 2 or organics. Ni 2p spectrum is showed 

n Fig. 3 d, two shakeup satellites denoted as “Sat” and two ma- 

or intensive peaks exhibited at 855.9 and 873.3 eV are in accor- 

ance with Ni 2p 3/2 and Ni 2p 1/2 , which confirming the presence 

f Ni 2 + cations [ 61 , 62 ]. Similarly, Co 2p spectrum ( Fig. 3 e) shows

hat the peaks of 780.7 and 796.5 eV correspond to Co 2 + , while the

eaks of 778.5 and 793.8 eV correspond to Co 3 + , which indicate 

he coexistence of Co 2 + and Co 3 + [63] . The S 2p XPS spectra were

howed in Fig. 3 f, the intensive peaks of 161.2 and 162.2eV belong 

o S 2p 3/2 and 2p 1/2 levels, and the satellite peak at 168.3eV re- 

eals the partially oxidized on surface of sulphur ions [64] . Based 

n the above results of SEM, HRTEM, XRD, FT-IR, and XPS, it can 

e concluded that the NiCo 2 S 4 nanorods with a core-shell struc- 

ure have been successfully synthesized. 

Subsequently, the cyclic voltammetry (CV) curves of NF, NCO, 

CO/NCM-A, NCS and NCS-A1 at a scan rate of 10 mV s −1 and 

cross a voltage window of 0 to 0.6 V were showed in the 

ig. 4 a. The contribution of bare NF to the capacitance can be 

gnored. Obviously, NCS-A1 electrode has larger integral area and 
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Fig. 2. TEM images of (a, b) NCO/NCM-A and (c) NCS-A1. (d) HRTEM image and (e)-(h) EDS spectral mapping images of NCS-A1. 

h

d

i

p

e

N  

C  

o  

N

p  

f

p

o

a

c

o

w

m

N

m  

C

t

a

G

c

T

N

N

C

t

t

A

c

i

N

m

igher specific capacitance. Similarly, the CV curves of NCS-A un- 

er the different vulcanization conditions and NCS-B were showed 

n Fig. 4 b. Several peaks of redox reaction indicated that the 

seudo-capacitance feature of Faraday redox reaction. The relevant 

quations as follow [ 36 , 65 ]: 

iCo 2 S 4 + 2OH 

− ↔ 4NiS 2x OH + Co 2 S 4-2x OH + 2e − (1)

o 2 S 4-2x OH + 3OH 

− ↔ 2CoS 2-x O + 2H 2 O + 3e − (2)

The magnitude order of the integral area with the CV curves 

f the electrodes is NCS-A1 > NCS-B > NCS-A2 > NCS-A4 > NCS-A5 >

CS-A3. The electrochemical performances of those electrodes are 

resented in Fig. S9 and S10. The CV curves of the NCS-A1 at dif-

erent scanning rates are also shown in Fig. 4 c. Excellent redox 

roperties in electrochemical of NCS-A1 attribute to the superiority 

f the core-shell structure and micro-porous structure, which can 

ccelerate the penetration of OH 

− ions into the electrode and in- 

rease the number of active sites. To further quantify the numbers 

f electrochemical active sites in those electrodes, the active sites 

ere calculated from the voltammetric charge (The calculation for- 
c

4 
ulas in the Supporting Information) and shown in Fig. S11. The 

CS-A1 has 2.55 times more active sites than NCO and 1.68 times 

ore active sites than NCS at a scan rate of 10 mV s −1 from the

V measurement. This results directly show that the unique struc- 

ure with core-shell and micro-porous can enhance the number of 

ctive sites to improve the electrochemical properties. 

The specific capacities of the samples are calculated from the 

CD with the voltage of 0-0.4 V in Fig. 4 d-f. The formula for 

alculated specific capacitances is given in Support Information. 

he specific capacitances at current density of 1 A g −1 with NCO, 

CO/NCM-A, NCS, NCS-B, NCS-A1, NCS-A2, NCS-A3, NCS-A4 and 

CS-A5 are 356.5, 406, 619, 794.9, 850.2, 620, 297, 445 and 412.6 

 g −1 , respectively. The specific capacity of NCS-A3 is even lower 

han that of the original NCO, which possibly due to the struc- 

ure complete collapsed at high sulfuration temperature. For NCS- 

4 and NCS-A5, oversized nanorods are more prone to structural 

ollapse during electrochemical oxidation and reduction, resulting 

n performance degradation. As similarly as shown in the CV curve, 

CS-A1 electrodes also represent the best electrochemical perfor- 

ance compared with others electrodes in the GCD test. The spe- 

ific capacitances of NCS-A1 are 850.2, 774.2, 733.3, 687 and 593 
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Fig. 3. (a) XRD pattern of samples. (b) FT-IR spectra of samples. XPS spectra of (c) the survey spectrum, (d) Ni 2p, (e) Co 2p and (f) S 2p of NCS-A1. 
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 g −1 at the current density of 1, 2, 3, 5and 10 A g −1 , respec-

ively. The cyclic stability performance of NCS-A1 ( Fig. 4 g) suggest- 

ng an outstanding rate capability, which still delivers 69.7% of ca- 

acitance at 10 A g −1 . 

The electrochemical impedance spectroscopy (EIS) was showed 

n Fig. 4 h. After fitting with an equivalent circuit, EIS results of the 

amples with charge transfer resistance (Rct) and equivalent series 
5 
esistance (Rs) are summarized in Table S2. It is observed that Rct 

nd Rs values of the NCS-A1 were 0.09 � and 0.55 �, respectively. 

ompared with other electrodes, NCS-A1 has lower Rs and Rct, 

hich due to its excellent electrical conductivity, and also observed 

he line in the low frequency region that is almost parallel to the 

-axis indicates the fast ions diffusion at the NCS-A1/KOH aque- 

us interface. Meanwhile, all of the nickel cobalt sulfides except 
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Fig. 4. ( a) CV curves at 10 mV s −1 and (d) GCD curves at 1 A g −1 of the NF (without GCD curves), NCO, NCO/NCM-A, NCS and NCS-A1 samples. (b) CV curves at 10 mV 

s −1 and (e) GCD curves at 1 A g −1 of the NCS-A1, NCS-A2, NCS-A3, NCS-A4, NCS-A5 and NCS-B samples. (c) CV curves and (f) GCD curves at various current densities of 

NCS-A1. (g) Specific capacity versus current density plots of all samples. (h) EIS spectra of all samples (the insets shows the equivalent circuit diagram and the plots in high 

frequency region). (i) Cyclic stability of the NCO, NCO/NCM-A, NCS, NCS-A1 at 10 A g −1 (the inset shows first and final ten GCD cycles of NCS-A1). 
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or the NCS-A3 exhibit lower internal resistance than NCO, which 

ay cause of the micro-porous structure can improved OH 

− ions 

ransfer rate in the electrodes after sulfurization. The NCS-A1 elec- 

rode also exhibits excellent cycling stability ( Fig. 4 i). Remarkably, 

CS-A1 electrode shows the retention rate of capacity is 93.6 % at 

 current density of 10 A • g −1 after 50 0 0 cycles, while the capac-

ty retention rate is 88.1%, 82.9 % and 90.7 % for NCO, NCO/NCM 

nd NCS electrode, respectively. The inset in the Fig. 4 i shows first 

nd final ten charge-discharge cycles of NCS-A1 electrode with out- 

tanding cyclical stability and rate capability. Such excellent cycling 

tability is mainly attributed to the unique structure design of NCS- 

1, which the NiCo 2 S 4 nanoparticles coated on NiCo 2 S 4 nanorods 

an enable competently house buffer structural changes and pre- 

ent collapse of the materials. On the other hand, core-shell struc- 
6 
ure can shorten the length of electrolyte ion transport and im- 

rove the cycle stability. The NCS-A1 in this work shows the excel- 

ent electrochemical performance comparing with the previously 

eported researches which about transition metal chalcogenides- 

ased electrode materials (in Table S3). It is not only superior to 

ost of the NiCo 2 S 4 electrode materials, but also be competitive 

n the composite of metal sulfide compound with some high con- 

uctivity carbon materials. 

In order to further investigate the utilization value of the NCS- 

1 electrode material, the ASC device was fabricated using NCS- 

1 electrode as the cathode and AC coated on nickel foam as the 

node with 3 M KOH electrolyte, which denoted as NCS-A1//AC, 

nd as schematically illustrated in Fig. 5 a. In addition, the elec- 

rochemical performances of the AC electrode are showed in Fig. 
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Fig. 5. (a) Schematic diagram of the assembled NCS-A1//AC device. (b) CV curves of NCS-A1 and AC at 10 mV s −1 . (c) CV curves of ASC device at different potential with a 

scanning rate of 30 mV s −1 . (d) GCD curves of ASC device under different potential windows, (e) CV curves of the ASC device at different scan rates. (f) GCD curves of the 

ASC device at different current densities. (g) Nyquist plot of the ASC. (h) Capacitance retention and Coulombic efficiency of ASC device at 5 A g −1 (the inset shows first and 

final ten GCD cycles. (i) Ragone plots of ASC device. 
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13. CV measurements in 30 mV s −1 for both positive and negative 

 Fig. 5 b) indicated that the feasibility of working potential window 

an be get to 1.6 V, which based on the working potential win- 

ow of NCS-A cathode electrode complementary to AC anode elec- 

rode. A series of CV and GCD measurements at various voltages 

rom 0.8 to 1.6 V were used to tested the NCS-A1//AC device for 

etermined a stable potential window. As the working voltage in- 

reased to 1.6 V, the CV curve appears a conspicuous polarization 

ue to the water splitting ( Fig. 5 c), while the symmetric of GCD 

urve has changed significantly ( Fig. 5 d). Thus, the stable work- 

ng voltage window of 1.4 V was used to study the electrochemical 

roperties of ASC. 

The CV curves of ASC are showed in Fig. 5 e. GCD measure- 

ents carried out over different current density are showed in 

ig. 5 f, and the specific capacitances of NCS-A1//AC device are 140, 
7 
34.9, 117.4, 105 and 58.6 F g −1 at the current density of 1, 2, 3,

and 10 A g −1 , respectively. Moreover, the Nyquist plot of ASC 

 Fig. 5 g) shows lower internal resistance, which means faster of 

ons diffusion rate. The cycling performance of NCS-A1//AC device 

 Fig. 5 h) at a current density of 5 A g −1 for 50 0 0 cycles. With the

harge-discharge after about 150 cycles, the electrodes are fully ac- 

ivated, and the Coulombic efficiency reach up to 99.2%. As seen, 

he device exhibits excellent cycling stability, which specific ca- 

acitance retention can reach to 84.3% and Coulombic efficiency 

an also achieved nearly 98.5% after 50 0 0 cycles. The inset in the 

ig. 5 h shows first and final ten charge-discharge cycles of NCS- 

1//AC device with out st anding cyclical st ability and rate capa- 

ility. As shown in Fig. 5 i, the energy density and power den- 

ity of NCS-A1//AC were calculated from GCD curves (the calcu- 

ation formulas in the Supporting Information). The energy den- 
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ity are 38.1, 36.7, 32, 28.6 and 16 Wh kg −1 at the power den-

ity of 70 0, 140 0, 210 0, 350 0 and 70 0 0 W kg −1 , which is supe-

ior to the previously reported researches about materials based 

n TMOs or TMCs, such as NiCo 2 O 4 //rGO (23.9 Wh kg −1 at 650

 kg −1 ) [66] , Au@rGO-ZnCo 2 O 4 //AC (31 Wh kg −1 at 2121 W kg −1 )

67] , Ti 3 C 2 /CuS//Ti 3 C 2 /Mxene (15.4 Wh kg −1 at 750.2 W kg −1 ) [68] ,

iCo 2 O 4 /Ni wire//Fe 3 O 4 /Ni wire (32.6 Wh kg −1 at 800 W kg −1 and

5.8 Wh kg −1 at 3500 W kg −1 ) [69] , CC/NiCo 2 O 4 -S@NiO//graphene

27.9 Wh kg −1 at 375 W kg −1 ) [70] , Ni(OH) 2 //AC (37.8 Wh kg −1 at

52.67 W kg −1 ) [71] , MnO 2 @CoMn 2 O 4 //N-3DrGO (16.82 Wh kg −1 

t 440 W kg −1 ) [72] , CoMoO 4 @NiMoO 4 //AC (28.7 Wh kg −1 at 267

 kg −1 ) [73] , MnO 2 //FCO (20.89 Wh kg −1 at 2173.9 W kg −1 ) [74] ,

iCo 2 O 4 @Co-Fe LDH//AC (28.94 Wh kg −1 at 950 W kg −1 and 18.47 

h kg −1 at 4925 W kg −1 ) [75] , NiCo 2 S 4 @NiCo 2 S 4 //rGO (24.9 Wh

g −1 at 334 W kg −1 and 12.6 Wh kg −1 at 24 4 4 W kg −1 ) [76] . More

nformation on the performance of NCS-A1//AC devices compared 

o previously reported supercapacitors is listed in Table S4. 

Based on all the electrochemical results above, the NCS-A1 elec- 

rode exhibits excellent electrochemical performance as an anode 

n ASC, which due to its unique internal structure. In this core- 

hell structure, the NiCo 2 S 4 core layer formed after sulfidation has 

 large number of micro-pores inside, which increased the con- 

act space between electrolyte and material, and significantly im- 

roved the number of active sites while enhanced the capacity per- 

ormance of the material. Meanwhile, the NiCo 2 S 4 shell layer after 

ulfidation which based on the NiCo-ZIF-67 under the appropriate 

eaction conditions that makes the electrode material maintain its 

apacity, which in the way of slow down the volume expansion 

enerated in the long-term charge-discharge cycle for improve the 

ycling stability. In summary, the NCS-A1 electrode material with 

ore-shell structure has excellent electrochemical performance and 

road application prospect when used as an anode for high perfor- 

ance asymmetric supercapacitors. 

. Conclusions 

In summary, we have successfully synthesized core-shell struc- 

ure NiCo 2 S 4 arrays on Ni foam as an efficient positive electrode 

aterial for ASC via multi-step hydrothermal and co-sulfuration 

rocesses. It was found that the NiCo 2 S 4 nanorods formed by sul- 

uration of the NiCo-ZIF-67 nanosheets under optimized condi- 

ions, which can effectively confine the volume expansion pro- 

uced by NCO during sulfuration reaction and formed a stable 

ore-shell structure. Moreover, a mass of micro-pores appear in 

nternal structure can provide more active sites for charge trans- 

er and achieve higher specific capacitance. The NiCo 2 S 4 electrode 

hows a remarkable specific capacitance of 850.2 C g −1 at the cur- 

ent density of 1 A g −1 and retains 93.6 % original capacitance 

fter 50 0 0 cycles at a current density of 10 A g −1 . Furthermore,

he NiCo 2 S 4 electrode also achieved the excellent electrochemical 

erformance when used as an anode of asymmetric NiCo 2 S 4 //AC 

upercapacitor, which delivers an energy density as 38.1Wh Kg −1 

t 700 W kg −1 , and as well as the remarkable cycling stability 

f 84.3% capacity retention after 50 0 0 incessant cycles. This work 

ould provide a simplify and efficiently method to obtain the core- 

hell structure which can confine the excessive volume expansion 

uring the sulfuration reaction, and it can be further apply to oth- 

rs transition metal sulfides electrode materials in electrochemical 

nergy storage and conversion devices. 
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