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Abstract

NipgsSe was in situ grown on Ni foam via a facile hydrothermal process as a
high-performance electrode for supercapacitors. The as-obtained NijgsSe electrode exhibited
excellent electrochemical property with a higher specific capacitance of 1115 F g (1.34 F
cm™) and remarkable cycling stability (91.7% of the initial capacitance value remained after
1000 cycles). An asymmetric supercapacitor was fabricated successfully based on NiggsSe
(positive electrode) and activated carbon (negative electrode). The NijpgsSe//AC ASC can
expand the operating voltage as high as 1.6 V, led to an ultrahigh energy density of 32.2 Wh
kg at a power density of 789.6 W kg™'. Further, the ASC had a highlight cycle performance
(only 1.7% of Cr loss after 2000 cycles), it holds promise as the potential candidate for energy

storage device.
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1. Introduction

In recent years, the energy crisis and resources shortage are becoming more and more
serious with the rapid development of industry and economy. To develop clean and renewable
energy as well as a suitable energy storage equipment is urgent. Supercapacitors or
electrochemical capacitors have been widely concerned as next generation energy storage
devices because of their superhigh power density, long cycling stability, rapid
charge-discharge and non-pollution.'” Depending on the storage charge mechanism,
supercapacitors are classified into two types. One is electrical double-layer supercapacitor
(EDLS), whose electrode material mostly includes carbon-based conducting porous materials.
The other is the pseudocapacitor, also called the Faradic supercapacitor, which uses a rapid
and reversible redox reaction to collect charges. In general, the pseudocapacitors by Faraday
process possess much more specific capacitance than EDLSs.*

Although the supercapacitor can store hundreds or thousands of times more charge than
conventional physical capacitor, the energy density of the supercapacitor is still lower
compared to secondary battery.” Base on the formula for supercapacitor energy density: E =
1/2CV?, the energy density can be improved by enhancing the operation voltage (V) and/or
the specific capacitance (C).*’ One promising method to increase both the specific
capacitance and operation voltage is to assemble asymmetric supercapacitor, which integrates
the advantages of supercapacitors (rate, cycle life) and batteries (energy density), and expands
operation voltage by using different electrode material in one system.®” The key to fabricating
asymmetric supercapacitor is to employ suitable materials for positive and negative electrode

working in different potential windows in appropriate electrolyte.
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At present, carbon-based materials are currently used as the negative electrode material,
such as carbon nanotudes, carbon nanofibers, activated carbon and graphene are widely used
in the asymmetric supercapacitor.lo'13 Among them, activated carbon with high specific
surface area, fine electrical conductivity, good chemical stability and easy preparation, has
been used commonly.® The positive electrode materials mainly consist of transition metal
oxides/hydroxides and sulfides, and conductive polymers. Such as Ru0O,", Mn0,"°, Mn;0,"®,
Co0'", Ni3S,'* and CooSs'” et al.

However, comparing with the transition metal oxides and sulfides, research on transition
metal selenide as the positive electrode materials is relatively limited. Wang et al.?
synthesized 3D hierarchical GeSe, nanaostructures with a specific capacitance of 300 F g via
a chemical vapor deposition method. Zhang and co-workers® successfully fabricated
two-dimensional tin selenide nanostructures for all-solid-state supercapacitors with the
specific capacitances of 168 F g'1 (SnSe;) and 228 F g'1 (SnSe). Recently, Banerjee et al.?
fabricated hollow CoggsSe nanowire array by chemical hydrothermal process, which
exhibited high pseudocapacitive property with an areal capacitance of 929.5 mF cm™ at 1 mA
cm™ and high durability.

Among them, nickel selenide as an important transition metal chalcogenide, exhibits
interesting electronic and magnetic properties23. In addition, it has been proven with superior
electrochemical performance, which can serve as the electrode material for Li ion battery®*
and Pt-free counter electrode for dye-sensitized solar cell””. But few papers are contributed to
the research on the nickel selenide for application in supercapacitors.

In this study, we successfully prepared NijssSe on Ni foam via an in-situ growth process.
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Ni foam has 3D porous frameworks structure, high surface area, good conductive, and low
cost, and has been often used as current collector/or supporter.”*’” The electrode of NipgsSe
reveals prominent pseudocapacitive property with higher specific capacitance of 1115 F g'1
(1.34 F cm™@) at 1 A g”'. Moreover, so as to extend voltage window, we assemble asymmetric
supercapacitor (ASC) by employing NijgsSe as positive electrode and activated carbon as
negative eclectrode. The ASC can be cycled stably with a high voltage of 1.6 V and
demonstrates superior energy density of 32.2 Wh kg™ with excellent cycling stability.
2. Experimental
2.1 Materials

Polytetrafluoroethylene (PTFE) aqueous solution (60wt%), anhydrous ethanol and
NHs-H,O (80wt%) were from Sinopharm Chemical Reagent Co.,Ltd. Se powder and
NiCl,6H,0 were purchased from Shanghai Aladdin Reagent. Activated carbon (AC) (surface
area 2167 m’ g'l) was from Fuzhou Yihuan Co.,Ltd. Ni foam (porosity 87.3%) was from
Changsha Liyuan Co.,Ltd. All materials were commercially available and employed without
further purification.
2.2 Preparation of NiyssSe electrode

One-step hydrothermal process was used for growing NipgsSe on Ni foam. The main

steps were described as following: 0.2 mmol NiCl,-6H,O was added into a 100 ml
Teflon-lined autoclave and dissolved in 55 ml deionized water. 0.24 mmol selenium powder
was put into the autoclave to form a homogeneous solution. Then 15 ml N,H4-H,0O was added
and stirred for 20 min. After stirring, 5 pieces of washed Ni foam (1 cm?) were immersed into

reaction solution. The autoclave was airtight and kept at 1601 for 12 h in an oven. After
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hydrothermal process, black samples were obtained from the autoclave. Finally, the samples
were washed (with DI water and absolute ethanol), dried and the NigssSe electrode was
obtained. The mass of NiggsSe on Ni foam is about 1.2 mg cm'z, and its porosity is about
85.4%.
2.3 Preparation of activated carbon electrode
Activated carbon (AC) (80 wt%), acetylene black (10 wt%) and PEFT aqueous solution

(10 wt%), were mixed with a little ethanol to form a homogeneous paste. The paste was
pressed into a thin sheet. Then, the thin sheet was pressed onto a nickel net. After being dried
at 70 [ for 12 h, an AC electrode was obtained.
2.4 Material characterization

The phase of prepared samples was investigated by a SmartLab X-Ray diffractometer
using a Cu Ko radiation (A=1.5418A) at a scan rate of 10°min™ over 20 range from 20 to
70°( Rigaku D/MAX- RB, Japan). The morphology of the products was characterized by a
field emission scanning electron microscopy (FESEM, HITACHI SU8010). The porosity of
Ni foam and NigpgsSe-coated Ni foam were tested by a mercury intrusion porosimetry
(quantachrome , PoreMaster-60).

2.5 Electrochemical characterization

The electrochemical properties of NiggsSe electrode were studied with a three-electrode
configuration in 3 M KOH electrolyte. The counter electrode employed a platinum sheet and
HgO/Hg was applied for the reference electrode. NiggsSe//AC asymmetric supercapacitor
(ASC) was fabricated by employing NigpssSe and AC as positive and negative electrode,

respectively. A double electrode system in 3 M KOH was employed to characterize the
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electrochemical performance of ASC. Cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS) and galvanostatic charge-discharge (GCD) tests were carried on CHI660E
electrochemical workstation.

The specific capacitances of the supercapacitor were estimated from GCD curves based

on eqn (1), (2)°**
I x At

= 1

mxAV M

C.— I x At 2)
SxAV

The energy density and power density of ASC were evaluated by eqn (3) and 4™,

respectively.
E= 5GPy G)
E
P= — 4
Y 4

Wherein Cy, (F g'l) is the mass specific capacitance and Cs (F cm'z) is the area specific
capacitance, [ (A), Az (s), m (g), S and AV (V) represents the discharge current, the discharge
time, the mass of electroactive material, the area of electroactive materials and the voltage
variety during the discharge process after potential drop, respectively. E (Wh kg™) is energy
density and P (W kg™) is power density.

3. Results and discussion
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3.1 Characterization of electrode materials
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Fig. 1 FESEM images of NiggsSe on Ni foam and pure Ni foam.

(a) (b) pure Ni foam, (c) (d) NiggsSe on Ni foam.

FESEM was employed to investigate the morphology of as-synthesized samples. Fig. 1
(a,b) and Fig. 1(c,d) show images of pure Ni foam and NiggsSe on Ni foam under the different
magnifications. From Fig. 1(a,b), it can be seen that pure Ni foam has a 3D porous
frameworks and its surface is smooth, and then became rough after growing NijgsSe, as
shown in Fig. 1(c). NiggsSe can be observed and has a homogeneous distribution on Ni foam
surface in Fig. 1(d). The high dispersion of NiggsSe on 3D porous frameworks Ni foam will
provide more active sites for Faradic redox action, facilitate the electrolyte deep penetration
within electrode, effective contact on the surface of the clectrode, accelerate ion and electron

transfer in the interface between the electrolyte and NiggsSe, resulting in the excellent
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electrochemical performance.”’
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Fig. 2(a) XRD spectrum of NijgsSe and Nig gsSe on Ni foam; (b) EDS pattern of Nig gsSe

Fig. 2(a) shows the XRD patterns of as-synthesized NipgsSe samples on Ni foam (blue
curve) and pure NiggsSe (red curve) which detached from the Ni foam substrate via long time
of ultrasonic process. Except for three strong peaks (44.7°, 52.1° and 76.5°) from the Ni foam
substrate, all of peak positions can be completely indexed to NiggsSe (JCPDS No.18-0888).
The result of XRD declares that NiggsSe has successfully grown on Ni foam without other
by-product. Fig. 2(b) displays the EDS pattern of NijgsSe, it can be seen that except a little
oxygen signal (may be from moisture and oxygen adsorbed on the surface of sample®*), no
extra elements are found.

3.2 Electrochemical performance of Niy ssSe electrode

The electrochemical characteristics of NigpgsSe electrode were investigated using Cyclic
voltammetry (CV) tests. Fig. 3(a) exhibits the CV curves of Ni.ogsSe electrode measured in 3
M KOH solution with different scan rates. Obviously, a pair of redox peaks appear in each
curve with the scan rate changes from 5 to 100 mV s'. This is attributed to that the

electrochemical capacitance of NipgsSe electrode mainly comes from pseudocapacitance

8
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rather than the electric double-layer capacitance, which is similar to rectangle.””° With the
increase of the scan rate, the anodic and cathodic peaks shift toward higher and lower voltage,
respectively, and the shapes of CV curves have no obviously distortion. All curves have good
symmetry in Fig. 3(a), indicating that the electrode of NiggsSe possesses excellent
reversibility and capacitive behavior.'”!'® The electrochemical mechanism of Nip g5Se
electrode is still not totally understood, which probably executes through the electrode

interface adsorption and desorption of hydroxyl ions in alkaline electrolyte.**

b
@ o20f (b
-
0.15F Z
oo} S
2 T
Z oost 3]
= =
2 o000 g
3 -0os) 2
z
010} 2
-9
01sf
00 01 02 03 04 05 06 0 200 400 600 800 1000 1200 1400
Pntoantial ve Ho/Ilal) (V) Minn ()
Potential vs.Hg/HgO (V) Time (s)
(©) 160 (d) &

S
83 —=— before cycle
L —— [
140 AC ®_after 1000 cycles|

120¢ 60} i

<
-
-

100 |

sob 40 ‘3“ J 5 Pl 3 /‘

Z" ()

60|

’
a0} oF

$ n
0 2 4 6 B A
20} 7 (@)
I 1 N oF

0 200 400 600 800 1000 N N S
Cycle number 0 10 20 30 40 50 60 70 80
7z @)

capacitance retention (%)

Fig. 3 Electrochemical performances of the Nij ssSe electrodes:(a) CV curves at different scan
rates; (b) GCD curves at different current densities; (c) cycling performances of the NiggsSe
and AC electrode during 1000 cycles at current density of 5 A g”'. (d) EIS measured at the

open circuit potential in the frequency range from 0.01 to 10° Hz.
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To further study the electrochemical property of NiggsSe electrode, the galvanostatic
charge-discharge measurement was performed on with different current densities in the
voltage change from 0 to 0.55 V (vs Hg/HgO), as shown in Fig. 3(b). A pair of obvious
charge-discharge platforms can be observed at each curve, consisted well with a pair of redox
peaks in CV curves, which is further evidence of the pseudocapacitance performance of the
Nig.ssSe electrode.” A sequence of specific capacitances under various current densities were
evaluated based on eqn (1) (2). The mass specific capacitance C, and the area specific

capacitance Cs of NiggsSe electrode with different current densities were evaluated and listed

in Table 1.
Table 1 The specific capacitance of the Nip gsSe electrode
The current density (A g™) Cu(Fgh) C, (F cm™)
1 1115.0 1.34
2 1023.6 1.23
3 863.9 1.04
4 815.3 0.98
5 773.7 0.93
10 662.3 0.79

As a rule, increasing in current density will lead to a reduction of capacitance value due
to the incremental voltage drop and active material can not fully participate in redox
reaction.”’” Fortunately, as the current density is up to 10 A g, the specific capacitance of the
electrode still maintains higher, reaches to 662.3 F g (0.79 F cm™), indicating that the
NiggsSe electrode has a good rate capacitive performance, which is significance for the

practical application of the electrode material for supercapacitors.22

10
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A continuous charging and discharging process was used to evaluate the cyclic stability
of NiggsSe electrode, and the results are shown in Fig. 3(c) (black curve). Furthermore, in
order to study the cycle stability of the asymmetric supercapacitor, the life cycle plot of AC
electrodes was also performed, and shown in Fig. 3(c) (red curve). Under a constant current
density of 5 A g”', the electrode was carried out for 1000 times charge-discharge tests in 3 M
KOH solution with three-electrode construction. The electrode capacitance value remains
91.7% of initial specific capacitance after 1000 times cycles, indicating that NiggsSe is an
ideal electrode material for supercapacitor with excellent cycling stability and electrochemical
properties, which is ascribed to the NiggsSe directly grown on Ni foam conductive substrate,
avoiding the “dead surface” of the traditional slurry-derived electrode and benefitting to the
charge fast transfer between the interface of NigssSe electrode and Ni foam, and electrolyte
penetration and ion diffusion in porous Ni foam.”” EIS of the NiggsSe electrode before and
after 1000 cycles were also measured. The Nyquist impedance plots of the NiggsSe electrode
are shown in Fig. 3(d), which consist of a semicircle and a straight line at the high- and
low-frequency region, respectively. Distinctly, the internal and charge-transfer resistance of
the electrodes before and after 1000 cycles at the high-frequency region are almost kept same.
But at the low-frequency region, there is a slight reduction in the slope of Nyquist impedance
plots after 1000 charge-discharge tests, indicating that the diffusive resistance of electrode
increases, which is reason why the specific capacitance decreases.

3.3 The effect of loading amount of NijgsSe on specific capacitance
In order to study the effect of loading amount of NijgsSe on specific capacitance, we

prepared six samples of NiggsSe on Ni foam with different loading of NijssSe by controlling

11
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the amount of reaction materials, the loading of Nij gsSe is about 0.7, 1.2, 1.8, 2.5, 3.2 and 4.1
mg, respectively. Fig.4(a) shows the charge-discharge curves with different loading of
NigpgsSe on Ni foam at a current density of 1 A g'l. The mass specific capacitance (C,,) was
calculated and the results were shown in Fig.4(b). At first, the C,, of electrode increased along
with the load of NijgsSe improved, and reached the maximum value when the load is 1.2 mg,
which is attributed to the increase of the load of NiggsSe on Ni foam can provide more active
sites. However, with the load further increased from 1.2 to 4.1 mg, the C,, of electrode has a
great attenuation from 1115 to 279.3 F g'l. These results are probably attributed to the
following reasons. Firstly, with the increase of load of NiggsSe, the outer NipgsSe can not
directly contact with the Ni foam substrate which hindered electronic transmission. In
addition, the over loading will influence the penetration of electrolyte in inner active material,

and resulting in the decrease of specific capacitance.

12
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Fig. 4(a) Charge-discharge curve of different loading of NipssSe on Ni foam at a current
density of 1 A g'l; (b) The mass specific capacitance of different load of Nijg;Se on Ni foam;
(c) Discharge curve of different load of NipgsSe on Ni foam at a current density of 1 mA cm'z;

(d) The area specific capacitance of different load of NijgsSe on Ni foam.

In addition, Fig. 4(c) shows the discharge curve of different load of NipssSe on Ni foam
at a current density of 1 mA cm?, the corresponding area specific capacitance (C) for
different load of were shown in Fig. 4(d). Firstly, the Cs of electrode has significantly
increased when the load of NiggsSe increases from 0.7 to 1.2 mg. And when the load of
NipgsSe increases from 1.2 to 4.1 mg, the C; of electrode is only a small change from 1.41 to
1.47 F cm™. Obviously, when the load of NiggsSe is greater than 1.2 mg, the C; of electrode

increased only in a small scale, however, the C,, of electrode has a highly attenuation.
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Therefore, in this experimental condition, the optimal load of NiyssSe on Ni foam substrate is
about 1.2 mg.

3.4 Asymmetric supercapacitor

(2) ®) .08
oa2} [T—AC ) 4
NS¢ 006 100mVs
0.08f
0.04f
_ -
< 004F < ooz}
- =
S 000} § 0.00}
B
o B
5 -0.02p
S .0.04f )
-0.04F
-0.08 -
-0.06
L A P A S Py T S S P
10 -08 -06 -04 -02 00 02 04 06 .02 0.0 02 04 06 08 1.0 12 1.4 16 1.8
Potential vs.Hg/HgO (V) Potential (V)
© 18 (d) 100
1.6f ~ aof
&0
14 s
. 12f 3
= osf 5 er
E =
2 06f B
> <
£ os4f o 4a0f
g
0z} g 30f
5 o
00 ©w o 2l
0.2

0 50 100 150 200 250 300 0.8 1.0 1.2 14 1.6
T

mo {g) Datantial (V)
iIme sy rgtentia: (V)

Fig.5(a) CV curves of the NipgsSe and AC electrodes collected at 50 mV s' in a
three-electrode system; (b) CV curves of Ni(g;Se//AC asymmetric supercapacitor at different
potential windows at 100 mV s™; (¢) GCD curves of the ASC device obtained at different
potential windows at a constant current density of 1 A g'l. (d) Ciyof the ASC as a function of

potential window.

Above experimental results indicate that NiggsSe electrode has high specific capacitance
and excellent cycle stability, signifying that it is a promising positive electrode material of

asymmetric supercapacitor (ASC). Fig. 5(a) shows complementary CV curves of NijgsSe and

14
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AC electrode when assessed in 3 M KOH aqueous solution with three-electrode cell. The two
electrode materials occupy different voltage window, the potential window of Nij gsSe and AC
electrodes are 0 to 0.6 V (vs. Hg/HgO) and -1 to 0 V (vs. Hg/HgO) , respectively. Hence, the
potential window can be extended to 1.6 V by assembling an asymmetric supercapacitor with
AC as the negative electrode and Nig gsSe as the positive electrode.”>® In order to obtain stable
and efficient ASC, the charges of two electrodes must be kept in balance. Positive and

negative electrodes are matched by the mass balance method™.

R= - GAT L B
m C AV 3

Where m'™ and m™are the mass of activated materials, Cy, " (1115 F g'l, 1A g'l) and Cy,
(2343 F g', 1 A g) represent specific capacitance, and AV" and AV are the potential
windows of positive and negative electrodes, respectively.

Fig. 5(b) presents the CV curves of ASC under various potential windows from 0.8 V to
1.6 V at a scan rate of 100 mV s”. With the increase of voltage, all curves remain similarity
and there is no sign of water splitting.”> Thus, the ASC can be operated at a high voltage of
1.6 V and kept stable electrochemical performance. According to the eqn (1) and the GCD
curves of different potential windows (Fig. 5(c)), the specific capacitance of ASC under
various voltage from 0.8 to 1.6 V were calculated and the results are demonstrated in Fig. 5(d).
When the voltage window extended from 0.8 to 1.6 V, the C,,, of ASC improved sharply from
21.7t092.9 F g, and energy densities change from 1.8 to 32.2 Wh kg™ are calculated by eqn
(3), which means that increasing the working voltage of asymmetric supercapacitor is the key

factor to obtaining high-performance storage device.*’

15
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Fig. 6 Electrochemical performance of the NigssSe//AC ASC: (a) CV curves at different scan
rates; (b) GCD curves at different current densities; (c) Ragone plot of ASC; (d) cycling

performances during 2000 cycles at current density of 1 A g'l.

For the purpose of further understanding the performance of ASC, other electrochemical
tests were carried out. The CV measurements with various sweep rates range from 5 to 100
mV s, all curve shapes are well maintained, and without obvious sign of distortion even at
high scan rate of 100 mV s, as shown in Fig. 6(a). The GCD measurements of ASC were
executed at different current densities changed from 1 to 5 A g”in 3 M KOH solution with
two-electrode system, as shown in Fig.6(b). The specific capacitances of the Nijg;Se//AC
ASC were evaluated based on the eqn (1) (2). The GCD curves also were employed for

calculating the energy and power densities of the NipgsSe//AC asymmetric supercapacitor.

16
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The calculated results are listed in table 2.

Table 2 The electrochemical parameters of NiggsSe//AC ASC

The current 0 > 1 1
T . Fg)  CmFemd)  E(Whkg)  P(Wkg))
density (A g™)

1 92.9 272.5 32.2 789.6
2 89.3 261.9 30.1 1556.9
3 77.2 226.5 254 2309.1
4 73.4 215.3 234 3030.2
5 70.7 207.4 22.1 3752.8

The highest capacitance value of 92.9 F g (272.5 mF cm?) was achieved at 1 A g, and
76.1% initial capacitance value was kept when the current density changed from 1to 5 A g™
The high rate performance of both NijssSe and AC led to above result. As the current density
ranging from 1 to 5 A g, the Ragone plot of ASC is presented in Fig. 6(c). The highest
energy and power densities of ASC attained 32.2 Wh kg™ and 3752.8 W kg™', respectively. In
addition, the cycling stability of ASC was assessed at a constant current density of 1 A g”'. As
shown in Fig. 6(d), the capacitance increased to 121.7% of the initial value after 100 cycles,
this phenomenon is similar to the cycle life plot of AC electrode in Fig. 3(c)), which is due to
the gradually activation of the active sites of the thin sheet AC electrode which was fabricated
by the traditional Decal method.?”>* After 2000 cycles, the ASC exhibited excellent stability
with 98.3% retention of capacitance, it is attributed to the prominent electrochemical stability
of both activated carbon and Nij gsSe electrodes.

4. Conclusion

NiggsSe was successfully fabricated on Ni foam by one-step hydrothermal process. It is

17
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used as electrode material for supercapacitor, and possesses outstanding electrochemical
characteristics and cycling stability. At the current density of 1 A g, the NiggsSe electrode
shows a higher capacitance value of 1115 F g'1 (1.34 F cm'z). The Nipg;Se was used as a
positive electrode of an asymmetric supercapacitor with AC as negative electrode, the
maximum energy density of ASC reaches up to 32.2 Wh kg with a power density of 789.6 W
kg'. The results exhibit that NigpgsSe is a promising electrode material for application in

supercapacitor.
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Figure Captions
Fig .1 FESEM images of NijgsSe on Ni foam and pure Ni foam. (a) (b) pure Ni foam, (c) (d)
Nip.g5Se on Ni foam.

Fig .2(a) XRD patterns of Nig gsSe and NiggsSe on Ni foam; (b) EDS pattern of Nig gsSe.

Fig. 3 Electrochemical performances of the Nij ssSe electrodes:(a) CV curves at different scan
rates; (b) GCD curves at different current densities; (c) cycling performances of the
NiggsSe and AC electrode during 1000 cycles at current density of 5 A g'l. (d) EIS
measured at the open circuit potential in the frequency range from 0.01 to 10° Hz.

Fig. 4(a) Charge-discharge curve of different loading of NigpssSe on Ni foam at a current
density of 1 A g'; (b) The mass specific capacitance of different load of NiygsSe on Ni
foam; (c) Discharge curve of different load of NiggsSe on Ni foam at a current density of 1

mA cm”; (d) The area specific capacitance of different load of NijgsSe on Ni foam.

Fig.5(a) CV curves of the NipgsSe and AC electrodes collected at 50 mV s' in a
three-electrode system; (b) CV curves of Ni gsSe//AC asymmetric supercapacitor at
different potential windows at 100 mV s™; (c) GCD curves of the ASC device obtained at
different potential windows at a constant current density of 1 A g'l. (d) Crofthe ASC as a
function of potential window.

Fig.6 Electrochemical performance of the NiggsSe//AC ASC: (a) CV curves at different scan
rates; (b) GCD curves at different current densities; (c) Ragone plot of ASC; (d) cycling
performances during 2000 cycles at current density of 1 A g™

Table captions
Table 1 The specific capacitance of the Nig gsSe electrode.

Table 2 The electrochemical parameters of NiggsSe//AC ASC.
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