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Abstract: A one-step sulfurization method to fabricate Ni3S, nanowires (NizS; NWs) directly on a
Ni foam (NF) was developed as a simple, low-cost synthesis method for use as a supercapacitor (SC),
aimed at optimizing energy storage. Ni3S, NWs have high specific capacity and are considered a
promising electrode material for SCs; however, their poor electrical conductivity and low chemical
stability limit their applications. In this study, highly hierarchical three-dimensional porous Ni3S;
NWs were grown directly on NF by a hydrothermal method. The feasibility of the use of Ni3S, /NF
as a binder-free electrode for achieving high-performance SCs was examined. Ni3S, /NF exhibited
a high specific capacity (255.3 mAh g~! at a current density of 3 A g~1), good rate capability
(2.9 times higher than that of the NiO/NF electrode), and competitive cycling performance (capacity
retention of specific capacity of 72.17% after 5000 cycles at current density of 20 A g~1). Owing to its
simple synthesis process and excellent performance as an electrode material for SCs, the developed
multipurpose NizS, NWs electrode is expected to be a promising electrode for SC applications.
Furthermore, the synthesis method of self-growing NizS; NW electrodes on 3D NF via hydrothermal
reactions could potentially be applied to the fabrication of SC electrodes using a variety of other
transition metal compounds.

Keywords: nickel sulfide; supercapacitor; crystal growth; porous materials

1. Introduction

Supercapacitors (SCs) have garnered considerable attention in the field of next-generation
electronics, which include various portable electronic devices, autonomous electric vehicles,
and roll-up displays. This may be attributed to their excellent performance in terms of power
density, charge/discharge rates and cycling stability. SCs possess higher energy density, a
faster charging/discharging rate (within a few seconds), much greater power density, and a
longer cycle life than rechargeable batteries [1-5]. Transitional metal oxides, such as RuO, [6],
NiO [7], MnO;, [8], and their mixed oxides, have emerged as potential candidates for SC elec-
trode materials [9-12]. This can be attributed to their small band gap and abundant active sites,
which result in better electronic conductivity and higher theoretical capacity than that of mono-
metal oxides [13]. Among the transition metal oxides, nickel-based oxides are widely used to
prepare SC electrodes, owing to their high theoretical specific capacitance [14-18], abundance,
and easy preparation methods. Further, compared to metal oxides, metal sulfides exhibit
superior electrical conductivity and higher electrochemical activity. Although certain metal
sulfides do not have a band gap or electronic structure, they exhibit typical metallic behaviors,
which in turn lead to fast redox reaction kinetics [19]. However, the low electron conductivity
and non-robust nanostructure of NiO (80.09% capacitance retention after 10,000 cycles) lead to
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poor rate capability and cycling stability [20]. The electrical conductivity of NiS is at least two
orders of magnitude higher than that of NiO and, hence, the former provides outstanding elec-
trochemical activity [20]. Moreover, the performance of electrochemical devices is known to be
drastically influenced by their architectures. Among micro/nanomaterials for SCs, materials
with one-dimensional (1D) or two-dimensional (2D) architectures with high aspect ratios, low
densities, and high surface areas have garnered considerable attention. Cai et al. [21] reported
a honeycomb-like nickel-manganese sulfide (NMS) composite nanosheet with a high specific
capacity of 205 mAh g’l (at 2 mA cm—2). Wei et al. [22] synthesized o-INiS hollow-sphere
electrodes with a specific capacitance of 562.3 F g ! (at 0.6 A g~ !). Wang et al. [23] developed
a two-step strategy to synthesize an NixSy (Ni3Sy and NiS;)/MoS, hybrid nanomaterial for
use as a high-performance electrode. The loose structure of this hybrid nanomaterial favors
ion diffusion. When utilized as an electrode, the as-synthesized electrode exhibited a high
specific capacity (169.44 mAh g1 at 1 A g~ 1), excellent cycling stability (x88.24% capacity
retention after 8000 charge/discharge tests), and excellent rate performance (rate performance
of 64.9% for 1-20 A g’l). Wang et al. [24] synthesized rigid three-dimensional (3D) NizS4
nanosheet frames assembled from ultrathin NW via a facile solvothermal method. Compared
to flat Ni3S, sheets, the 3D Ni3S4 nanosheet frames possess a larger free volume and higher
compressive strength, in addition to being able to deliver an exceptional specific capacitance of
1213 F g~ L. The electrochemical storage principle of energy storage materials—closely related
to the types of ions present in the electrolytes. Mu et al. [25] combined density functional
theory (DFT) calculations and an in situ X-ray diffraction (XRD) technique to investigate
the charge-storage mechanism of MXene in H,SO, and confirmed that the c-lattice of Ti3C,
changes with H* intercalation because of the steric effect in conjunction with the action of
the electrostatic force. By combining first-principle calculations and the implicit solvation
model and investigating the electronic states during the charge process, Ando et al. [26]
proposed the interaction between partially intercalated dehydrated cations and MXene layers.
Chen et al. [27] deduced that the charge-storage mechanism of V,C may be closely related to
the size of cations; cations with smaller radii, such as Mg2+ and Li*, were intercalated into
the interlayer space, and they interacted with the surface V atoms and termination groups.
In contrast, larger ions such as Na* and K* could only access a few shallow sites, thereby
contributing to superior rate and cycling performance. Hence, 1 M KOH solution was selected
as the electrolyte in this work.

However, challenges still remain in the practical application of nickel sulfide; novel
structures are necessary to improve the energy storage efficiency [28]. Metal sulfides
commonly exhibit superior electrical conductivity and higher electrochemical activity
compared to metal oxides. Among metal sulfides, nickel-based sulfides are regarded as
particularly attractive because of their enhanced conductivity, abundant redox sites, high
structural robustness, and mechanical strength.

In order to achieve the aforementioned objective, we fabricated NizSy, NW supported
on Ni foam (NF) via a one-step sulfurization process. The NizS, NW was directly formed
on the conducting NF, which possesses a large active surface area responsible for rapid
electrolyte—ion transportation. Our experimental results demonstrated that NizS; NW
exhibits excellent conductivity and a yielding structure, which play key roles in high-
performance electrode materials. To develop high-performance asymmetric SC (ASC)
devices, we deposited and fabricated Ni3S, NW and MXene nanostructures that can be
used as electrodes without any conductive additives or binders. Notably, the 3D NF
substrates provide a unique structure for the SC electrode, which makes it suitable for
applications in energy devices. This advantage motivated us to fabricate a 3D Ni3S; /NF
electrode with a well-arranged nanostructure. The developed NizS; NW can serve as a SC
electrode with excellent stability.

2. Results and Discussion

An overview of the fabrication strategy of hierarchical NizS; NW on a 3D NF surface
to construct a binder-free self-supported nanoarray is provided in Figure 1. This method
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first outlines the synthesis of Ni(OH), /NF via a hydrothermal method. Next, Na,S acts as
the sulfur source and S?>~ ions are released during the hydrolysis of Na,S. Ni** and S2~
ions can easily combine to precipitate Ni3S, under hydrothermal conditions [29]. Finally,
Ni(OH); and Naj,S react to form the NizS; NW via the following reactions:

Na,S — 2Na*t + §2~ 1)

3Ni(OH); + 25°~ — Ni3S; + 60H ™~ ()

Ni(NO,),"6H,0 HEMT  NF

- o
et T
(S g D" g

Hydrothermal Method

Figure 1. Schematic diagram of the fabrication methodology for the Ni3S, /NF hybrid.

The nanosized Ni3S, /NF material was grown vertically in situ on NF. The NF exhibits
a typical morphology of a 3D cross-linked porous framework that facilitates ion transport
in electrochemical reactions. Its unique structure contains several voids and provides ample
active sites for electrochemical reactions [30]. Furthermore, this 3D porous honeycomb-like
structure helps avoid the congestion of electrolyte ions and provides a large exposed surface
area, ensuring efficient ion diffusion and a sufficient Faradaic redox reaction [14].

Figure 2 shows the phase compositions and crystal structures of NF, NiO, and Ni3S;
based on XRD analyses. The peaks located at 37.27°, 43.35°, and 63.16° were identified
as the (111), (200), and (220) planes of NiO (JCPDS 78-0643), respectively. The diffraction
peaks at 21.70°, 31.09°, 49.71°, 50.23°, and 55.35° aligned well with the (101), (110), (113),
(211), and (122) planes of NisS, (JCPDS 00-030-0863), respectively. The diffraction peaks
located at 44.65°, 52.02°, and 76.51° for NiF (JCPDS 04-0850) were assigned to (111), (200),
and (220) crystal planes, respectively. The XRD pattern clearly revealed that all the NiF and
NiO/NF were successfully transformed into the hybrid NisS, /NF material.

The SEM morphologies of the NiO/NF and Ni3;S;, /NF electrodes are shown in Figure 3.
After sulfidation, Ni3S, NW were uniformly dispersed on the NF and were tightly anchored
to the NF networks (Figure 3a,c). Both Figure 3b,d show 3D NW structures. Compared
with NiO/NEF, Ni3S; /NF had more tightly bonded NWs and NF; this special structure
enables it to withstand more stringent redox reactions in alkaline electrolyte, resulting in
enhanced cycling stability.



Molecules 2023, 28, 4307

40f 14

Ni_S, (JCPDS 00-030-0863)

——
Dl

il
hally |

= (101)

~(110)
~ (122)

A
NiO (JCPDS 78-0643)
=)

Intensity (a.u.)
> (111)
(200)

Il S

A A

= g Ni(JCPDS 04-0850)

=z a =

1 8
A

T T T T T T T T T T T
20 30 40 50 60 70 80

Figure 2. X-ray diffraction (XRD) patterns of nickel foam (NF), NiO/NF, and Ni3S, /NF.
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Figure 3. Scanning electron microscopy (SEM) images of (a,b) NiO/NF and (c,d) Ni3S, /NF.

For further insight into the morphology and microstructure of the as-fabricated NizS;
materials, we performed high-resolution transmission electron microscopy (HRTEM).

As shown in Figure 4a, the low-magnification TEM image confirmed the NWs-like
structure of Ni3S;. The HRTEM images shown in Figure 4b present a clear lattice of 0.28 nm,
which matched well with the (110) plane of Ni3S,. The selected-area electron diffraction
(SEAD) pattern (Figure 4c) shows several concentric rings, indicating the polycrystalline
structure of NizS; NW [31]. Figure 4d clearly illustrates the uniform distribution of Ni and
S elements in the hybrid material.

The surface area, pore types, and pore-size distributions of NiO and NizS, were
investigated based on nitrogen adsorption/desorption isotherms and the BJH pore-size
distribution, as shown in Figure 5. The N, adsorption/desorption isotherms of NiO and
Ni3S; indicate slit-like pores in the Ni3S; mesoporous structure, as shown in Figure 5a,c.
The specific BET surface areas of NiO and Ni3S, were 2.2 and 32.3 m? g~ !, respectively,
and their average pore sizes were 18 and 37.1 nm, respectively. Figure 3b,d show the
BJH (the Barret, Joyner, and Halenda method) pore-size distributions of NiO and Ni3S,;
the three main peaks at 2.7, 6.5, and 45.3 nm for NiO and the local peak at 40.0 nm
for Ni3S; indicate excess mesoscale pores in both NiO and NisS,. Ashkan et al. [32]
studied the Li intercalation/deintercalation in bulk LiCoO, and at the LiCoO, (1014)
surface using DFT calculations and found that the diffusion barriers between the topmost
second and third layers are lower than those in bulk LiCoO,. This finding indicated
that nanosized LiCoO, with a large surface area/volume ratio is a promising cathode
material for fast charging/discharging Li-ion batteries. Wang et al. [33] also suggested
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that both the electrochemically active surface area and the internal structure contribute to
the effective diffusion coefficient. Pseudocapacitors store electric charges via rapid and
surface/near-surface controlled non-diffusion limited Faradaic redox reactions. According
to Equation (3), a large ion-accessible surface area can generate high capacitance in a certain

electrolyte [34].
ErEQ

d

where ¢,, €9, d, and A represent the permittivity of the vacuum (F .m~1), the relative
dielectric constant of the electrolyte solution, the distance between the electrolyte ions, and
the electrode surface (m) and ion-accessible surface area of the electrode material (m?),
respectively. Considering the results of XRD, SEM, HR-TEM, and BET characterization
analyses of NiO and Ni3S; electrodes and the simple synthesis process, we believe that
the attractive nanostructure can be employed for energy-storage applications. The three
electrode-based electrochemical measurements of the NizS, and NiO electrodes were
evaluated using cyclic voltammetry, GCD, and electrochemical impedance spectroscopy
(EIS) results obtained for a 1 M KOH aqueous electrolyte solution. Figure 6a,b show a pair
of redox peaks in each CV curve, revealing that the typical pseudocapacitance of NizS,
and NiO electrode materials can be attributed to the redox mechanism, and the possible
chemical reactions can be described as follows [31,35,36]:

C:

A, ®)

NiO + OH™ +— NiOOH + e~ @)

NizS; + 3OH™ +—— NigSy(OH)3 + 3e™ 5)

5 1/nm
I

Figure 4. (a) Transmission electron microscopy (TEM), (b) high-resolution TEM (HRTEM), (c) selected-
area electron diffraction (SEAD) pattern, (d) energy dispersive X-ray spectroscopy (EDS)-high-angle
annular dark field images and the corresponding elemental mapping of Ni3S,.

The peak current increases with the scanning rate, indicating that the electrode has
high-rate capability [37]. Notably, the peak current value of Ni3S; is higher than that
of NiO because Ni3S; has a dense lamellar structure (as shown in the SEM images in
Figure 2), which is conducive to rapid electrolyte—ion transport. Figure 6¢,d show the GCD
curves of NiO/NF and Ni3S,/NF at different current densities (3-20 A g~!). The GCD
curves of both materials exhibit Faraday capacitance characteristics; this finding agrees
well with the CV results. Furthermore, the charge/discharge time increased from 332.2 s
for NiO/NF to 639.2 s for Ni3S;/NF at 3 A g~!, indicating that the latter had a higher
specific capacity. The specific capacity of the NizS, /NF electrode (255.3 mAh g~') was
much higher than that of the NiO electrode (138 mAh g~!) at a current density of 3 A g~ 1;
even at a high current density of 20 A g1, the Ni3S, /NF hybrid electrode still possessed
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a high specific capacity of 111.1 mAh g~! (the specific capacity of the NiO/NF electrode
was 26.7 mAh g~ 1), indicating the superior electrochemical performance of the NizS,/NF
electrode (Figure 7d). During oxidation, the chemical state of S>~ does not change, but
valence transitions from Ni’ to Ni* and further to Ni3* occur sequentially. Hence, we
inferred that the reversible Faradaic reactions of Ni3S, in KOH aqueous solution can be
attributed to the valence transitions of Ni® in Ni3S, between Ni? and Ni**. Therefore,
according to the results deduced from both CV curves and XPS spectra, the two-step
oxidation process and the three-step reverse-reduction process in the reversible Faradaic
reaction proceed as shown in Equations (6) and (7), respectively [35]:

Ni%—Ni Nit —Nid+

NisS, 2N Niss,(0H) M 2N N, (0H), ©)

Ni*t - Nj? 2t SNit Nit—Ni?

NisS;(OH); N 2N Niss,(0H), N 3N Niss,(0H) M 3NN, ()
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Figure 5. N, adsorption/desorption isotherms of (a) NiO and (c) Ni3S,; the pore-size distributions of

(b) NiO and (d) NisS,.

As illustrated in Figure 7a, the CV curve of NF exhibits an approximately linear shape,
indicating that the contribution of the NF in the hybrid to the capacity of the material is
negligible. Moreover, the CV curve of the Ni3S,/NF electrode has a considerably more
enhanced integral area than that of the NiO/NF electrode, implying that the NisS,/NF
electrode has superior specific capacity; this finding is consistent with the GCD curve
comparison (Figure 7c). The plots of the current density against the square root of the scan
rate for NiO/NF and Ni3S, /NF are shown in Figure 7b. I, increased linearly with v1/2,
confirming that the Faradic capacities of both electrodes were limited by the electrolyte—ion
permeation to the active sites. The Randles-Sevcik equation [38,39] was used to compute
the diffusion coefficient of the NiO/NF and Ni3S, /NF electrodes:

i = (2.69 x 105)n%AD0%c;;v%, ®)
where iy, 11, A, Dy, Cj, and v are the peak current, the number of electrons transferred, the

electrode area, the diffusion coefficient, the reactant concentration, and the scan rate, respec-
tively. The diffusion coefficients (Dnjo /N and Dnizsy/nE) of the NiO/NF and NisS; /NF
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electrodes were calculated using Equation (9), assuming the same 1, A, and C values for
both electrodes. The Ni3S; /NF electrode (Dnjissz/nE) Was 2.9 times that of the NiO/NF elec-
trode. This difference is attributed to the compact Ni3S, nanostructure, which is conducive
to the rapid diffusion of electrolyte ions.

, 2
1
Diss, /NF _ ( >Ni3sz/NF _ (2846207\* o)
Dnio (zp> 16.62118 '

7’% NiO

The fitted line of the Ni3S; /NF electrode has a higher slope than that of the NiO/NF
electrode, indicating faster ion diffusion kinetics of the Ni3S, /NF electrode. The outstand-
ing electrochemical performance of the NiO/NF and Ni3S,/NF samples were further
analyzed based on the EIS results shown in Figure 7e. The Nyquist impedance plot
(Figure 7e) comprises two parts: a large linear portion in the low frequency range and a
semicircular part at high frequencies. In the figure, Rs is the equivalent series resistance,
which comprises the electrolyte resistance, intrinsic resistance of the active materials, and
contact resistance at the interface between the current collector and the active materials.
Cy is the double-layer capacitance, Ry is the charge transfer resistance, and Zyy is the
Warburg impedance. Figure 7e shows the Nyquist plots of NiO/NF and Ni3S, /NE R is
low in the high frequency region and has a larger slope in the low frequency region for the
Ni3S, /NF electrode, indicating lower charge transfer resistance, lower diffusion resistance,
and faster ion transport in the electrolyte in the case of the Ni3S,/NF electrode [40]. As
shown in Figure 7f, the Ni3S, /NF electrode still retained a specific capacity of 72.17% after
5000 cycles (at a current density of 20 A g~1), indicating good cycling stability; this value
exceeded that of the NiO/NF electrode (62.38%). The enhanced cycling stability of the
Ni3S; /NF electrode can be attributed to its unique structure, abundant active sites, low
resistance, and the synergistic effects of components.
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Figure 6. Cyclic voltammogram (CV) curves of (a) NiO/NF and (b) Ni3S;/NE, (¢) GCD curves of
NiO/NF and (d) Ni3S, /NF.
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density to the square root of the scan rate, (¢) GCD curves at 3 A g1, (d) specific capacity at various
current densities, (e) EIS and (f) cycling performances of the NiO/NF and Ni3S, /NF electrodes.

Cycling stability is a crucial parameter for evaluating the electrochemical performance
of NizS, /NF electrode material. Figure 8a—d show the SEM images of the NiO/NF elec-
trodes and Ni3S, /NF electrodes after 5000 cycles. The gradual increase in capacitance
during the cycles may be attributed to the activation of the Ni3S; /NF electrode materials
through the slow intercalation of the electrolyte into the gaps between the nanowires of
Ni3S, /NFE. The low-magnification SEM images in Figure 8a,c indicate that the NiO/NF and
Ni3S; /NF sample can be seen to be different from the previous morphology (Figure 3a,c).
The NWs structure of the NiO/NF disappeared completely after 5000 cycles (Figure 8b).
The Ni3S, /NF still maintained its NWs structure after 5000 cycles, exhibiting good cycling
stability (Figure 8d). The electrochemical performance of the Ti3C, Ty material was previ-
ously reported [41]. Hence, such unexpected cycling stability of the Ni3S, /NF sample can
be attributed to the excellent morphological, structural, and compositional stabilities of the
NizS;/NF sample. All the aforementioned findings reveal that the NizS; /NF sample may
be a practical candidate for applications in high-performance electrodes for energy storage.
This supposition was further established via comparisons with other NiO/NF electrodes
and pristine electrode materials. The large surface areas of self-grown Ni3S; /NF samples
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are responsible for the enhanced contact between the electrolytes and the NizS; /NF sample.
In the Ni3S; /NF sample, nanowires were self-grown directly on the NF via a hydrothermal
method. The Ni3S; NWs adhered strongly to the NF. These Ni3S, NWs can be used directly
as an SC electrode without any binders or conducting agents. Therefore, the hydrothermal
route described herein is an environment-friendly approach that is strongly recommended
for fabricating other self-supported electrodes.

Figure 8. SEM images of (a,b) NiO/NF and (c,d) Ni3S, /NF after 5000 cycles numbers.

To explore the application of Ni3S, /NF in energy storage applications, we fabricated
a TizC,Tx-based asymmetric coin cell device. In this device, Ni3S, /NF and Ti3C, Tk served
as the positive and negative electrodes, respectively. The electrochemical properties of
the Ni3Sy /NF/ /Ti3CyTx ASC were tested in a two-electrode system. CV measurements
of the Ni3S,/NF/ /TisC,;Tx device were performed at various scan rates (5-50 mV), as
shown in Figure 9a. The CV curves revealed features of Faradaic behavior, and the device’s
shape was retained during the oxidation and reduction processes with an increasing scan
rate. The charge/discharge curves of the device at various current densities are shown in
Figure 9b, and they indicate that the device has excellent reversibility and high Coulombic
efficiency.
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Figure 9. (a) CV curves, (b) GCD curves, (c) specific capacitance, (d) cycling performance (at
02A g_l), and (e) the Ragone plot of the Ni3S, /NF/ /Ti3CyTx ACS device.

The variation in the specific capacitance of the ASC device with the specific current
is illustrated in Figure 9c. The specific capacitance decreased regularly with increasing
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specific current. As shown in Figure 9d, during the first 3500 cycles, the capacitance
retention of the Ni3S, /NF//Ti3C, Ty increased steadily; this increase may be attributed
to the activation process. The capacitance remained stable for the next 2000 cycles and
then steadily dropped to 81.25% for the last 500 cycles, thereby demonstrating excellent
cycling stability. Interestingly, the SC value of the ASC device initially increased, possibly
because the proper wetting of the electrode active materials by KOH electrolyte improved
the electrolyte/electrode contact [42]. These results show the superior capability of the
Ni3Sy /NF/ /TizC,Tx ASC device with excellent stability and high performance during the
long cycle life.

Figure 9e shows that the Ni3S, /NF/ /Ti3C,Tx ASC device achieved an energy density
of 2.93 Wh kg ! with a power density of 379.16 W kg ~!. When the power density increased
to 1338.83 W kg1, the energy density dropped to 0.22 Wh kg~!. The energy density
of our device exceeded that of the SCs reported by Xu et al. [43] and Ren et al. [44]; in
these previous works, the SCs were based on carbon nanotubes (CNTs)-MnO, fibers
(17.26 nWh cm ™! with the corresponding power density changing from 61.55 uW cm™1)
and CNT-OMC fibers (1.26 x 10~® nWh cm~2 with the corresponding power density
changing from 0.043 mW cm~2), respectively. A symmetrical linear SC was assembled
by Zhang et al. [45], and it consisted of a CNT-MnO, fiber electrode and a polyvinyl
alcohol /H3POy electrolyte and had an energy density of 86 nWh cm™!. Table 1 lists the
electrochemical performances of various electrode materials for comparison. The excellent
electrochemical properties of the Ni3S, /NF electrode are attributed to its unique structure,
with many voids and abundant active sites for electrochemical reaction processes. This 3D
porous honeycomb-like structure helps avoid congestion of electrolyte ions and increases
the exposed surface area, thereby ensuring efficient ion diffusion and sufficient Faradaic
redox reaction.

Table 1. Comparison of the electrochemical performances of the various electrode materials.

Electrode Material Electrolyte Capacitance (Cs/Scan Rate) Refs.
NiMoO;@NiWO, 3 M KOH 1290Fg~1/2Ag™! [46]
CogSs@Ni(OH), 2 M KOH 1620Fg~1/05A g™} [47]
NiS@NiSe, 2 M KOH 1412Fg~1/05A g™! [48]
Ni3S,@CogSs 2 M KOH 925Fg1/05Ag™! [48]
Ni3S,@rGO 2M KOH 1830F g 1/2Ag! [49]
Co-Ni3S, 2 M KOH 10755F g 1/1Ag™! [50]
Ni;S,@NF 1 M KOH 736.64F g 1/0.8 Ag! [51]
NiSy /Ti3Co Tx 1M KOH 720mAhg1/1Ag™! [52]
Ni3S,@Ni 6 M KOH 94571 Fg~1/1715A g1 [35]

1839.6 F g~! (Corresponding specific

capacity: 2555 mAh g1 /3 A g™1) This work

Ni3S, /NF 1 M KOH

3. Materials and Methods
3.1. Preparation of the Nickel Sulphide Electrode

Sodium sulfides were supplied by Sigma Aldrich (St. Louis, MO, USA). NF (110 PPI
pore density and a mass density of 320 g m~?2) were obtained from Artenano Company
Limited (Hong Kong). Deionized water (DI) obtained from Millipore was used as a solvent
in all experiments. Before use, the NF was prepared for experiment through previously
reported routes. Ni foam of area 1 x 1 cm was thoroughly cleaned before the experiment by
the following steps: It was degreased by immersion in acetone for 30 min; etched with dilute
HCI (3.0 mol L™1) for 15 min, and rinsed with DI water before drying. The precursor of
Ni(OH), was described in our previous report [53]. First, 100 mmol of Ni(NOj3),-6H,O and
25 mmol of hexamethylenetetramine were dissolved in 50 mL DI water, and cleaned NFs
(2 x 4 cm) were placed in an autoclave at temperatures below 90 °C for 4 h. Subsequently,
the as-obtained Ni(OH), /NF substrates were immersed in a 50 mL autoclave with 50 mmol
Naj,S; the autoclave was then heated to 120 °C and maintained at this temperature for 4 h
to generate Ni3S,. After the autoclave was allowed to cool to room temperature (25 °C), the
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Ni3S; was taken out of the autoclave and rinsed separately several times with anhydrous
ethanol and distilled water.

3.2. Electrode Production

A previously published method [54] was used to clean NF. NiO/NF (1 x 1 cm) and
Ni3S; /NF (1 x 1 cm) were coated with the treated NE. The TizC,Tx MXene composite,
carbon black, and polytetrafluoroethylene (PTFE) solution (60 wt%) binder were mixed
in a mass ratio of 8:1:1 to fabricate the working electrode. The homogeneous slurry was
coated on the cleaned NF and dried for 12 h at 60 °C in a vacuum oven.

3.3. Fabrication of the ASC Device

The Ni3S; /NF/ /TizCyTx MXene ASC device had a mass ratio of 1:6, and its posi-
tive and negative electrodes were Ni3S, /NF and Ti3C,Tx MXene, respectively. From the
galvanostatic charge—discharge (GCD) curves, the specific capacitance of ASC (C;) was

calculated as follows [55]:
I At

1T MAV
where I (A), At (s), M (g), and AV (V) are the applied discharge current, the discharge time,
the total mass of the active material, and the potential window, respectively. The energy
density (Wh kg~!) and the power density (W kg ') of the ASC device were calculated from
the GCD curve using the following equations [52]:

(10)

[ LV(t)at

E= 3.6M (1)

P = 3600E/At, (12)

where E (Wh kg™1), I (A), V(t) (V), P (W kg~ 1), M (g), and At (s) are the energy density,
the applied current, the potential window, the power density, the total mass of the active
material, and the discharge time of the ASC device, respectively.

3.4. Electrochemical Measurements

The X-ray diffraction patterns were collected by an X-ray diffractometer (Rigaku,
SmartLab, Tokyo, Japan). Cu Ko« X-ray radiation at 40 kV and 40 mA was used to iden-
tify the crystal structure and the phase purity of in situ grown NizS; and NiO. Field-
emission scanning electron microscopy (FE-SEM; Merlin Compact, Carl Zeiss NTS GmbH,
Oberkochen, Germany), equipped with an instrument for energy dispersive X-ray spec-
troscopy (EDS), was performed at 15 kV to investigate the surface morphology and the
elemental composition of individual nickel halides. Transmission electron microscopy
(TEM) and selected-area electron diffraction patterns were operated on an FEI TalosF200x
transmission electron microscope at 200 kV to further study the microstructure of the
samples. To examine the surface area and pore-size distribution, the Brunauer-Emmett—
Teller (BET) and Barrett—Joyner—-Halenda (BJH) measurements were conducted using a
Micrometrics ASAP2010 analyzer in N; gas under suitable humidity conditions. Electro-
chemical measurements of Ni3S; and NiO electrode materials were conducted using an
electrochemical workstation (Ivium vertex, Eindhoven, The Netherlands) based on cyclic
voltammogram (CV) and GCD measurements. CV measurements were performed in the
range of 0-0.8 V at different scan rates. The GCD scans of the Ni3S; and NiO were obtained
at various current rates within the potential window of 0-0.6 V in a 1 M KOH aqueous
electrolyte solution. Hg/HgO and a platinum foil were used as the reference and counter
electrode, respectively. The as-fabricated Ni3S;//MXene ASC device was assembled and
tested in 1 M KOH electrolyte solution comprising a two-electrode system with a separator
to avoid short circuiting.
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4. Conclusions

In summary, a highly hierarchical 3D porous Ni3S; nanosheet array was directly
grown on NF via a hydrothermal method. This low-cost and simple-synthesis method
can be extended to the commercial fabrication of the hybrid material for practical applica-
tions. Moreover, the pores among Ni3S, NW facilitate electrolyte diffusion and electron
transmission. Therefore, the Ni3S,/NF hybrid meets the requirements of rapid ion dif-
fusion and transportation and shows high specific capacity, excellent rate performance,
and good cycling stability; these properties are attributed to the 3D porous structure, the
enhanced conductivity, and the facile electrolyte penetration of NizS; NW. Furthermore, the
synthesized Ni3S, NW possessed high specific capacitance and excellent stability during
electrochemical analysis. Hence, this material may be promising for electrodes in SC appli-
cations. The unique architecture of the Ni3S, electrode provides excellent electrochemical
performance with small charge transfer resistance, which endows the as-prepared Ni3S;
electrode with high capacitance as well as excellent cycling stability. The above self-growth
of the Ni3S; electrode makes it appealing for other applications, such as catalysts and sensor
batteries. Furthermore, the hydrothermal fabrication method is simple and cost-effective,
and the fabricated material is binder-free. This approach can be adopted in the fabrication
of other self-supported metal oxide electrodes for SCs or energy storage applications.
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