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Fig. S1. (a, b) SEM images with different magnification of Cu;4Ni,S nanosheet arrays, (c—f)

SEM-EDS color mappings of copper, nickel and sulfur in the Cu; 4\Ni,S nanosheet arrays.
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Fig. S2. (a, b) SEM images with differnt magnification, (¢) EDAX spectrum of Cu;Niy DHs

supported on porous 3D Ni backbone, (d, €) SEM images with differnt magnifications, (c)

EDAX spectrum of Cu;_4Ni,O nanosheet arrays on porous 3D Ni backbone.
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Fig. S3. (a-c) SEM images with differnt magnification, and (d) EDAX spectrum of Cu;(Ni,S

nanosheet arrays supported on carbon cloth.
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Fig. S4. 2D AFM image and its height profile of Cu;4NisS nanosheet arrays representing

thickness of few nm and width > 2 pum.
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Fig. S5. XPS survey spectrum of Cu; 4Niy, DHs and Cu;Ni,O nanosheet arrays.
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Fig. S6. (a, b) Cu 2p spectra, (c, d) Ni 2p spectra, and (e, f) O 1s spectra of Cu;_4Ni, DHs and

Cu; xNi,O nanosheet arrays, respectively.
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Fig. S7. CV curves with different sweep rates of (a) Cu;4Niy DHs, (b) Cu;4Ni,O electrodes;

GCD curves at different current density of (c) Cu;4Niy DHs, and (d) Cu;_4Ni,O electrodes.
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Fig. S8. GCD curves of Cu; 4\Ni, DHs, Cu; 4Ni,O, and Cu;_(Ni,S electrodes at a current density

of 2 mA cm™.
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Fig. S9. Cycling performance of Cu;,Ni, DHs, Cu;4Ni,O, and Cu;Ni,S electrodes at a

current density of 12 mA cm™2.
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Fig. S10. GCD curves of Cu;_Ni,S electrode: from the 15t to 10™ cycles test.
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Fig. S11. CV curves of Cu;Ni,S electrode at 10 mV s~! (before and after 10000 cycling

performance).
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Fig. S12. EIS of Cu;4Ni,S electrode during the cycling performance test.
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Fig. S13. Electrochemical characterization of the carbon cloth supported Cu;Ni,S nanosheet

arrays electrode: (a) CVs at different scan rates, (b) GCDs at different current densities of

carbon cloth supported Cu;Ni,S nanosheet arrays electrode, (¢c) CV curves of carbon cloth

and Ni foam supported Cu;(Ni,S nanosheet arrays at a scan rate of 10 mV s7!, (d) Areal

capacitance of carbon cloth and Ni foam supported Cu;4NisS nanosheet arrays at different

current densities. (e) EIS of carbon cloth and Ni foam supported Cu;4Ni,S nanosheet arrays,

and (f) Cycling performance of carbon cloth supported Cu;_Ni,S nanosheet arrays electrode at



a current density of 12 mA c¢cm™ (inset: GCD curves of carbon cloth supported Cu;_Ni,S

nanosheet arrays electrode curves from 9991 to 10,000 cycles).

The CV curves at different scan rate of the carbon cloth supported Cu;4Ni,S nanosheet
arrays with a potential window from —0.1 to 0.65 V, as shown in Fig. 13a. All of the CV curves
consist of a pair of strong redox peak, specifically at low scan rates, showing exceptional redox
behaviour of Cu;4Ni,S during the electrochemical performance. When the scan rate increases
from 5 to 30 mV s7!, the CVs area also increases and the shapes are well maintained at a high
scan rate, which reveals that the superior electrocatalytic activity of  Cu;4Ni,S nanosheet
arrays. The GCD curves of carbon cloth supported Cu;4Ni,S nanosheet arrays with different
current densities from 2 to 20 mA cm ™2 are shown in Fig. S13b. The GCD curves confirm that
highly reversible charge/discharge behaviour of Cu; 4NiS nanosheet arrays. All GCD curves
exhibit the carbon cloth supported Cu;Ni,S nanosheet arrays electrode characteristics with
pseudocapacitive behaviour, which is well-consistent with CV study. The areal capacitance
(Cy) of the carbon cloth supported Cu;(Ni,S nanosheet arrays from the discharge curves of the
GCD were calculated and are found to be ~4.41, 4.06, 3.63, 3.24, 3.03, 2.91, 2.79 and 2.74 F
cm 2 at the current densities of 2, 3, 5, 8, 10, 12, 15, and 20 mA c¢m2 respectively. The carbon
cloth supported Cu;Ni,S nanosheet arrays shows better electrochemical performance because
of their high specific surface area with unique porous architectures. But the areal capacitance
of the carbon cloth supported Cu;_(Ni,S nanosheet arrays (C, = 4.41 F cm™2) is still lower than
that of Ni foam supported Cu;_Ni,S nanosheet arrays (C, = 5.88 F cm2), which is due to the
substrate effect. Therefore, we conclude that the the substrate, Ni foam also contributes to the

capacitive performance.
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The standardize CV curves of the two kinds of Cu;Ni,S nanosheet arrays grown over
different substrate (current collector) at 10 mV s~! give a survey of the capacitive properties
(Fig. 13c). The Ni foam supported Cu;_4Ni,S nanosheet arrays exhibits a larger CV areas than
that of carbon cloth supported Cu;Ni,S nanosheet arrays, which reveals that the larger
areal/specific capacitance. Besides, the Ni foam supported Cu;,Ni,S nanosheet arrays
possesses areal capacitance values of ~5.88, 5.51, 5.09, 4.68, 4.49, 4.36, 4.25, and 4.19 F cm™
at the current densities of 2, 3, 5, 8, 10, 12, 15, and 20 mA cm™? respectively (Fig. S13d). This
study reveals that the Ni foam supported Cu;Ni,S nanosheet arrays showed the areal
capacitance of 5.88 F cm™2 and specific capacitance of 2672 F g~! at a current density of 2 mA
cm~2 which is higher than that of the the carbon cloth supported Cu;_Ni,S nanosheet arrays
(Co=4.41F cm2; Cy = 2384 F g). Further, the charge transfer resistances (R) of the Ni
foam and carbon cloth supported Cu; 4\Ni,S nanosheet arrays electrodes were examined by EIS
technique, as illustrated in Fig. S13e. The Ni foam supported Cu;,Ni,S nanosheet arrays
electrode demonstrates low resistances (Ry = 0.96 Q, R, = 1.28 Q) when compared to that of
carbon cloth supported Cu;Ni,S nanosheet arrays (Ry = 0.98 Q, R = 1.41 Q). It is clearly
reveals that the Ni foam supported Cu;Ni S nanosheet arrays shows a better electron/ion

transport kinetics than that of carbon cloth supported Cu;.4Ni,S nanosheet arrays electrode.!

The cycling stability of the carbon cloth supported Cu;NixS nanosheet arrays electrodes
were examined at a GCD current density of 12 mA c¢m ™2 in the potential range of —0.1 t0 0.5 V
for 10,000 continuous cycles, as shown in Fig. S13f. In case of the carbon cloth supported Cu;.
«Ni,S electrode, ~95.65% of the initial areal capacitance was retained after 10,000 repetitive
cycling tests. The GCD curves of the carbon cloth supported Cu;_(Ni,S from the 9,991% to the
10,000t cycles are shown in inset Fig. S13f. The last 10 GCD curves display minor changes

when compared to the first 10 GCD curves, which reveals that the carbon cloth supported Cu;.

16



NixS electrode also holds good cycling stability. This cycling performance is mainly
attributed to enhanced electrical conductivity of the electrode materials, which is good
agreement with EIS study. The Ni foam and carbon cloth supported Cu;_4Ni,S nanosheet arrays
showed ~97.33% and ~95.65% of the capacitance retentions of the initial capacitance after
10,000 repetitive cycling tests, which confirms that exceptional cycling stability at higher
current density of 12 mA cm2. The stabilities of these above two different current collector
supported electrodes may result from the different densities of the Cu;,Ni,S nanosheet arrays
on the conductive substrates. The higher density of Cu;Ni,S nanosheet arrays on the carbon
cloth current collector, the electrode is adverse for the penetration of the electrolyte.'~> From
the above discussion, we conclude that the Ni foam is one of the best support for designing
Cu;«xNi,S nanosheet arrays. Therefore, we further process the electrochemical performance

study using Ni foam supported Cu;_Ni,S nanosheet arrays.
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Fig. S14. SEM images with different magnifications of Cu;Ni,S nanosheet arrays supported

on porous 3D Ni backbone (after 10000 cycling performance).
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Fig. S15. (a—c) TEM images with different magnifications, (d) FFT of Cu;_4Ni,S nanosheet

arrays (after 10,000 cycling test).
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Fig. S16. Schematic illustration for the synthesis of NSGNS by in-situ two step methods.

20



(b)[c

6.00 -

4,50 4
KCnt
3.004 S

1.501 §lOo

0.00-
0.00 2.00 4.00 6.00
Energy/keV

Fig. S17. (a) FE-SEM image, (b) EDAX spectra, (c) TEM image of as-synthesized NSGNS,
(d) SETM image of as-synthesized NSGNS and its corresponding STEM/EDS color elemental

mappings of N-K, S-K and C-K.
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Fig. S18. (a) XPS survey spectrum of NSGNS.
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Fig. S19. (a) CV curves of NSGNS at different sweep rates from 10 to 200 mV s~!, and (b)
GCD curves of NSGNS at the current densities of 1, 3, 5, 10, 20, 30, 40 and 50 A g, (¢)
specific capacitances vs current densities, and (d) Cycling performance of NSGNS electrode at
the current density of 10 A g7!, inset showing GCD curves of NSGNS curves from 1%t to 10™

cycles.

To investigate the electrochemical performance of the NSGNS electrode, tests are carried
out in a three-electrode system with 2 M KOH electrolyte (Fig. S19). The CV curves with
different sweep rates (10 to 100 mV s7!) of NSGNS electrode are illustrated in Fig. S19a. All
CV curves well maintained the rectangular shape without any distortion, which confirms that
the ideal capacitive behaviour and fast ion/electron transport transport takes place in the
NSGNS. The NSGNS electrode showed excellent symmetric charge-discharge performance
with high specific capacitance. The GCD curves are with different current densities (1 to 50 A
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g ") of NSGNS to the prolonged potential window of —1.0 to 0 V are not shown in Fig. S19b.
The specific capacitance of the NSGNS electrode from the discharge curves of the GCD were
calculated to be ~425, 402, 379, 347, 314, 305, 296, and 290 F g! at the current densities of 1,
3, 5, 10, 20, 30, 40 and 50 A g!, respectively. The NSGNS achieved ultra-high specific
capacitance of ~425 F g~! at a current density of 1 A g~!'. At a current density of 50 A g1, the
specific capacitance of the NGNS is ~290 F g~!, which further confirms the exceptional rate
capability. The specific capacitance vs current density of the NGNS consequences based on the
discharge curves are shown in Fig. S19c. The long-term cycling stability of the NSGNS
exhibits negligible deterioration of the initial capacitance after 10,000 consecutive GCD tests
at a current density of 10 A g~! (Fig. S19d). The consecutive GCD curves of the NSGNS 10
cycles test are illustrated in the inset of Fig. S19d, demonstrating in negligible changes are
attained. This result further confirms that NSGNS electrode is superior and ultra-high electrode
for supercapacitors. Therefore, NSGNS material possesses ultra-high specific capacitance,
excellent rate capability, and outstanding cycling life when compared to recently reported
heteroatom doped graphene-based electrode materials, which is credited to the unique porous
architecture and ultra-high surface area of NSGNS.? The superior electrochemical performance
of the NSGNS makes it the best material for the negative electrode in this current research

work.
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Fig. S20. Schematic illustration of the asymmetric all-solid-state supercapacitors.
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Fig. S22. CV curves (scan rate 50 mV s7!) of the optimized Cu;.(Ni,S//NSGNS ASC device
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Fig. S25. EIS of Cu;_4\Ni,S//NSGNS ASC device during the cycling performance test.
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Table S1. Chemical composition of Cu;_Ni, DHs, Cu; 4Ni,O, and Cu;_4Ni,S nanosheet arrays

estimated from XPS and ICP-AES

Sample Cu (at. %) Ni (at. %) S (at. %) O (at. %)
Cu;«Ni, DHs 30.56 32.18 - 25.76
Cu; 4Ni,O 30.14 30.98 - 30.98
Cu; «Ni S 29.04 31.09 20.78 11.09

Cu, Ni, S and O contents were detected by XPS analysis and ICP-AES measurements
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Table S2. Electrode properties comparison with reported literatures

Specific Areal Current Referen
Materials capacitance  capacitance load or Electrolyte Stability crere
ces
(Fgh (F cm™) scan rate
NiCOZS4 87%
hollow 1036 1Ag! 6 M KOH 4
(2000cycles)
spheres

. 4 mA 96%
NiCo,S,/CNF - 2.86 om-2 1 M KOH (2000cycles) 5
Ni-Co-S 1418 - 5Ag! 1 M KOH - 6
NiXCO3,XS4 1 86.5%
hollow 895.2 ) TAg 2MKOH (1500 cycles) 7
NiCOQS4 0
hollow 1154 - 1Ag! 2 M KOH 98.2% 8

(8000cycles)
nanoneedle
FCC02S4* 0
NiCo,S, 1518.5 3.5 SmA - 3MKOH 7% 9

. cm™2 (3000cycles)
Composite
94.4%

CoySg/NF 1646 - 3Ag! 2 M KOH 10

(2000cycles)

i 90.4%
NiCo254/NC 1231 i 2Ag!  6MKOH ’ 1
F (2000cycles)

85%
MoS,/PPy 700 - 05Ag! 1 M KCl 12
(4000 cycles)
porous Co—Al 88%
hydroxide 1043 - 1Ag! 6 M KOH 13
nanosheets (3000 cycles)
90.1%
CoS; hollow 1301 ; 1Ag!' 2MKOH ’ 14
sphere (2000 cycles)
iCl- 95%
Cuss 400 . omy st HCHEVA ’ 15
nanowire gel (5000 cycles)
NiCo— 95%
carbonate 1398 - 1Ag! 6 M KOH 16
hydroxide (2500 cycles)
o
KCu,S,/GP 483 1.75 04mA "y po,pva 607200 17
cm cycles)
2 mA 72%
FeCo,S, 2411 - om-2 3 M KOH (5000 cycles) 18
Ni-Co- . 90%
S/G//PCNS 1492 - l1Ag 6 M KOH (8000 cycles) 19
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CuNi,S 2 mA 97.33% This
nanosheet 2673 588 cm™? 2 MKOH (10,000 cycles) work
NCF: nitrogen-doped carbon foams; NF: nickel foam
Table S3. ASC Device properties comparison with recently reported literatures
Reported D.eVice Energy Pow.er Stability
ASC Device Electrolyte ~ Window Density Density (Cycle  Reference
V) (Whkg')  (Wkg') ~ No.)
82%
FeCo,S4/3D PNG KOH/PVA 0-1.6 76.1 755 (10000 18
cycles)
78.6%
NiCo,S4//G/CS 6 M KOH 0-1.6 423 476 (10000 4
cycles)
88.6%
NiCo,S,//CFP-AC 2 M KOH 0-1.5 86.6 200 (5000 8
cycles)
85%
Ni-Co-S/G//PCNS 6 M KOH 0-1.6 433 800 (10000 19
cycles)
70.4%
NiCo,S#/NCF/OMC/NCF 6 M KOH 0-1.6 45.5 512 (10000 11
cycles)
94.1%
CuCo,S,—HNN//AC 3 M KOH 0-1.6 441 800 (6000 20
cycles)
99.3%
NiCo,S4/rGO PVA/KOH 0-1.5 38.64 1330 (5000 21
cycles)
109%
NiCo,S4@NiO
NW AZS /;,i@c 3 M KOH 0-1.6 30.38 288 (5000 22
cycles)
90.1%
Ni-Co-S//graphene 1 M KOH 0-1.75 60 1800 (10000 6
cycles)
82%
Ni-Co LDH//RGO 1 M KOH 0-1.6 77.3 623 (5000 23
cycles)
. 96.6%
NiCo,S, nanotube 2PMKOH  0-16 55.3 400 (5000 24
array//carbon aerogel
cycles)
93.5%
Ni-Co-S//AC 6 M KOH 0-1.8 41.4 414 (6000 25
cycles)
89%
Co;04//carbon 6 M KOH 0-1.6 36 800 (2000 26
cycles)
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Cu;4Ni,S//NSGNS PVA-KOH 0-1.8 94.05 1085 (10000

0,
95.86% This

k
cycles) wor

NCF: nitrogen-doped carbon foams; NF: nickel foam
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