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ABSTRACT: The scientific community needs to conduct research on novel electrodes for portable energy storage (PES) devices
like supercapacitors (S—Cs) and lithium-ion batteries (Li-ion-Bs) to overcome energy crises, especially in rural areas where no
electrical poles are available. Herein, the nanostructured MoS, and ZnS—MoS, E-Ms consisting of nanoparticles/rods/sheets (N-Ps-
Rs-Ss) are deposited on hierarchical nickel foam by a homemade chemical vapor deposition (H-M CVD) route. The X-ray
diffraction patterns confirm the formation of polycrystalline films growing along various orientations, whereas the field-emission
scanning electron microscope analysis confirms the formation of N-Ps-Rs-Ss. The change in structural and microstructural
parameters indicates the existence of defects improving the energy storage ability of the deposited ZnS—MoS,@Ni—F electrodes.
The specific capacitances of MoS,@Ni—F and ZnS—MoS,@Ni—F electrodes are found to be 1763 and 3565 F/g at 0.5 mV/s and
1451 and 3032 F/g at 1 A/g, respectively. The growing behavior of impedance graphs indicates their capacitive nature; however, the
shifting of impedance curves toward y-axis indicates that the increasing diffusion rates due to the formation of nanostructures of
ZnS—MoS, results in low impedance. An excellent energy storage performance, minimum capacity fading, and improved electrical
conductivity of the deposited E-Ms are due to the combined contributions of the electrical double layer and pseudocapacitor nature,
which is again confirmed by theoretical Dunn’s model. The absence of charge transfer resistance and good capacitance retention
(95%) even after 10,000 cycles indicates that the deposited E-Ms are better for PES devices like S—Cs and Li-ion-Bs than MoS, E-
Ms. The assembled asymmetric supercapacitor device exhibited the maximum specific capacitance = 996 F/g, energy density = 354—
285 W h/kg, power density = 2400—24,000 W/kg, capacitance retention = 95% and Coulombic efliciency = 100% even after a long
charging—discharging of 10,000 cycles.

1. INTRODUCTION to fabricate sustainable, environment-friendly, clean, and
portable energy storage (PES) devices." Among them,

The growing technology has increased the utilization of
lithium-ion batteries (Li-ion-Bs) and supercapacitors (S—Cs)

conventional energy resources like fossil fuels to fulfill the
energy demands. The utilization of conventional energy
resources at a large scale is not only creating the energy crisis

are potential candidates to overcome the energy crisis of the

but is also responsible for changing the global climate as well as Received: November 30, 2023
increasing environmental pollution."”” However, modern Revised: ~ March 23, 2024
society can also face some unmanageable and unembellished Accepted:  April 5, 2024
difficulties if no attention is paid to the energy crisis. Currently, Published: June 24, 2024

the production of energy is smaller than the demand of
modern society.” Such energy crises motivate the researchers
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Table 1. Detailed Deposition Parameters of MoS,@Ni—F and ZnS—MoS,@Ni—F

distance of RMs from Ni—F

E-Ms wt. of RMs (mg) (cm) temperature of RMs (°C) AGFR and deposition time
S MoO;, S MoO;, S MoO;, (sccm) min
MoS, 80 30 35 17 150 800 350 S
ZnS—MoS, S Zn S Zn S Zn
30 30 30 15 150 500

global world. The Li-ion-Bs and S—Cs are preferred due to the
outstanding electrochemical properties like charging—discharg-
ing capacity, capacity fading, capacity retention (CR),
Coulombic efficiency (CE), energy density (E4), power density
(Py), specific ca<pacitance (Cy and Cy), and excellent cyclic
stability (C—S).”~® The Li-ion-Bs and S—Cs are widely used in
various fields including transport, military telecommunication
systems, consumer electronics, and electrical vehicles.” > The
above-mentioned PES devices can also be adopted to
overcome the energy crises in rural areas in the absence of
electricity supply.

Based on the electrochemical performance (ECP) of PES
devices, the S—Cs are categorized into the electrical double
layer capacitors (EDLCs) having a simulation of charges at the
interface between electrolyte and surface of electrodes and the
pseudocapacitors (P—Cs) exhibiting redox reactions.” The
performance of Li-ion-Bs and S—Cs is related to the deposition
route, type, and surface morphological features of deposited
electrodes used for their fabrication. Amid these electrodes,
carbon and transition metal oxides/dichalcogenides (TMOs/
TMDCs) like V,0s, MoO;, ZnO, zinc sulfide (ZnS), CuS,
NiS, and MoS, are investigated for use as electrodes for good
ECP of PES devices."" ™ Amid TMDCs, MoS, is a
noteworthy electrode for PES devices; however, its ECP can
be tuned by modifying its structure and microstructures to
increase the surface area that may accumulate more electrolytic
ions, resulting in enhanced specific capacitance.”’ ™’ The
MoS, materials are mostly used in gas sensing and lubrication,
and the ECP of the deposited electrodes can be improved by
loading hydrogen.”*”** It is noticeable that the MoS,
electrodes have larger conductivity and storage ability as
compared to other TMOs as well as carbon and graphite-based
nanostructured electrodes.”” ™" The MoS, electrodes synthe-
sized by simple physical vapor deposition route has a C, of
1221 F/g at 10 mV/s.” It has been pointed out that for the
MoS, electrodes deposited via the hydrothermal route, C4 =
249 F/gat2 A/ g.33 Moreover, the MoS, electrodes deposited
via the hydrothermal route has the C,, value of 766 F/g at 1
mV/s.>*

Before the description of the deposition route, the concept
of different electronegativities of components [including sulfur
(S) and molybdenum (Mo)] for MoS, electrodes is very
important. The negligible electronegativity of S and Mo atoms
helps overcome volume expansion during charging—discharg-
ing measurements, stable defect-rich active sites, and maximum
electron/ion interactions for improving ECP. The ECP of the
MoS, electrode can be improved by modifying their physical
properties, which can be changed by changing the deposition
routes. Mostly, a time-consuming and costly hydrothermal
route is adopted to deposit the MoS, electrode, showing weak
ECP. In order to improve the ECP of electrodes, it is necessary
to modify their physical properties by selecting the cost-
effective homemade chemical vapor deposition (H-M CVD)
route. The energy storage ability of the MoS, electrode is

smaller than current demands due to their layer’s agglomer-
ation, volume expansion, low specific capacitance, low
charging—discharging rate, unsatisfactory cyclic life, and
limited defect-rich active sites. Therefore, it is necessary to
improve the ECP of the MoS, electrode by nanostructure
formation with different metal sulfides. Amid these metal
sulfides, ZnS is more appropriate to enhance the ECP of the
MoS, electrodes. However, very limited information is
available in the literature about the nanostructure formation
of the MoS, electrode with ZnS and other metal sulfides.***
Such nanostructured electrodes are deposited by different
routes such as hydrothermal,”” chemical bath deposition,*®
liquid exfoliation,” and evaporation.*” Therefore, the incre-
ment in energy storage ability of the nanostructured MoS,
electrode is vital to increase the ECP of PES devices.

In the current research, the MoS, and nanostructured ZnS—
MoS, electrodes are deposited on nickel foam (Ni—F) by the
H-M CVD route. The vertically growing fiber-like nanosheets
forming a cone-like columnar structure of the MoS,@Ni—F
electrode is changed into a complicated network of nano-
noodles when the ZnS material is condensed on a MoS,
electrode. However, the nanostructural analysis reveals that the
surface microstructure of ZnS—MoS,@Ni—F is more interest-
ing (high porosity) as compared to a low porosity micro-
structure of MoS,@Ni—F. The more porous nanostructure-
based ZnS—MoS,@Ni—F electrode exhibited an excellent ECP
showing high values of C,, of 3565 F/g, which is 2 times more
than the C_, of the MoS, electrode at 0.5 mV/s. The absence
of a semicircle in the impedance spectrum is attributed to good
electrical conductivity, resulting in high charge storage
capability and hence excellent ECP. The deposited ZnS—
MoS,@Ni—F exhibited 95% CR and 100% CE for 10,000
cycles. Based on Dunn’s model calculations, the capacitive
controlled contributions (66—90%) of the ZnS—MoS,@Ni—F
electrode is more than diffusion-controlled contributions (34—
10%) at 0.5, 1, 3, 5, and 10 mV s™.. The higher ECP of the
deposited ZnS—MoS,@Ni—F electrode is due the combined
(capacitive and diffusion) controlled contributions (P—Cs and
EDLC behavior). The assembled asymmetric S—Cs device
exhibited a C4 of 996 F/g at 3 A/g. The excellent ECP of
ZnS—MoS,@Ni—F is associated with the development of (i)
nanostructured MoS, and ZnS layers, (ii) complicated porous
network of nanonoodles, (iii) high surface area, (iv) excellent
synergistic effects between active species and substrate, and (v)
combined controlled capacitive and diffusive contributions.

2. EXPERIMENTAL DETAILS

2.1. Electrode Material Deposition. The nanostructured
MoS,@Ni—F and ZnS—MoS,@Ni—F are deposited by the H-
M CVD route by using standard grade [Sigma-Aldrich] raw
materials (RMs) like MoOs, S, and Zn. Table 1 demonstrates
the different weights (wt) of RMs employed to deposited
MoS,@Ni—F and ZnS—MoS,@Ni—F electrodes. The wt. of
RMs used to deposit these electrodes are measured by high
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Figure 1. Schematic diagram of H-M-CVD employed to deposit (A) MoS,@Ni—F and (B) ZnS—MoS,@Ni—F.
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Figure 2. XRD (A) and Raman (B) analysis of MoS,@Ni—F and ZnS—MoS,@Ni—F electrodes.

precision weight balance (minimum reading = 0.001 g). The
schematic diagram shows the mechanism employed to deposit
MoS, and nanostructured ZnS—MoS,@Ni—F (Figure 1A,B),
respectively. Basically, the H-M CVD route is assembled by a
portable heater connected to a reactor tube (R-T), which is
connected to the gas flow meter, gas cylinder, rotary vane
pump, pressure measuring gauge, and temperature meter
connected to the thermocouple. However, a further explan-
ation of the H-M CVD route can be found in the
literature.”' = For the deposition of MoS,@Ni—F, the
MoO;, S, and Ni—F are placed on their appropriate positions
within the R-T according to the parameters demonstrated in
Table 1. After assembling the H-M CVD system, the rotary
pump is switched on to develop vacuum (107> mbar) within
the R-T. After achieving proper vacuum, the portable heater
mounted on R-T is connected to a voltage regulator to provide
energy to the RMs placed within the R-T. The energies of RMs
are controlled by adjusting the voltage through a voltage
controller. When MoOj; and S species get sufficient amounts of
energy, resulting in their bonds breaking, it results in
evaporation. The evaporated species of MoO; and S are
carried by the argon gas flow rate (AGFR) toward the Ni—F
surface. According to our previous research data, the involved
accelerated evaporated species may or may not react to each
other depending on their ability to get energy and hence
condense on the surface of Ni—F.

However, the increasing/decreasing temperature profile of
the deposition process is given in the literature.”* For the
deposition of ZnS—MoS,@Ni—F, the predeposited MoS,@
Ni—F electrodes are treated in evaporated Zn and S plasma.
The reaction kinetics for the deposition of MoS,@Ni—F and
ZnS—MoS,@Ni—F is demonstrated, as the increasing applied
voltage through the voltage regulator increases the energy of
RMs placed in ceramic boats, resulting in bond-breaking,
which evaporates the RMs. The evaporated species are
accelerated by AGFR toward the surface of Ni—F, and during
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their kinetic, the evaporated species can react with each other
and condense on the surface of Ni—F.

2.2. Material Characterizations. The different properties
such as structure, microstructure, vibrational, composition, and
electrochemical properties of the deposited nanostructured
MoS,@Ni—F and ZnS—MoS,@Ni—F are investigated by X-
ray diffraction (XRD) (“Model: D-8-ADVANCE; 6-0)
diffractometer, CuKa radiation, wavelength = 1.5406 A”
Raman spectroscopy (RS) “MN STEX-PRI100 with wave-
length = 633 nm”, field-emission scanning electron microscope
“TESCAN-MIRA-3” attached with an energy-dispersive spec-
troscopy (EDX), and potentiostatic “CS350M”. The ECP
parameters such as cyclic voltammetry (CV), galvanostatic
charging/discharging (GCD), and electrochemical impedance
spectroscopy (EIS) of working MoS,@Ni—F and ZnS—
MoS,@Ni-F electrodes are evaluated by the reference (Ag/
AgCl) and counter (platinum plate) electrodes in 2 M KOH
electrolyte solution, respectively. Moreover, the charging—
discharging capacity, capacity fading, CR, CE, E,, Py, C/C4,
and C—S of the deposited MoS,@Ni—F and ZnS—MoS,@
Ni—F electrodes are calculated. The calculations of theoretical
Dunn’s model are investigated to understand the experimental
results of deposited electrodes.

3. RESULTS AND DISCUSSIONS

3.1. Structural Properties. The characterization techni-
ques such as XRD and RS are performed to study the structure
of the MoS,@Ni—F and ZnS—MoS,@Ni—F electrodes
(Figure 2A,B). The XRD analysis of the nanostructured
MoS,@Ni—F and ZnS—MoS,@Ni—F electrodes is shown in
Figure 2A. The different diffraction planes including (009),
(018), and (119) that appeared at 26 = 44.48, 52.03, and 76.29
are attributed to individual MoS, phases having a rhombohe-
dral crystal structure [ref. cards: 01-086-2308], while the plane
(012) that appeared at 43.35° is attributed to the c-ZnS phase

https://doi.org/10.1021/acsomega.3c09560
ACS Omega 2024, 9, 27919-27931
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Table 2. Calculated the Structure Parameters of the Deposited MoS,@Ni—F and ZnS—MoS,@Ni—F Electrodes

electrodes phases hkl angle (20)° intensity fwhm (degree)
MoS, MoS,  (009) 44.48 819.16 025
(018) 52.03 368.98 029
(119) 76.29 145.89 0.19
Mo,S,  (—322) 76.55 7123 0.13
ZnS—MoS,  MoS,  (009) 44.50 634.16 028
(018) 52.05 297.04 0.30
(119) 76.29 135.55 0.17
Mo,S;  (=322) 76.55 70.02 020
ZnS (012) 4335 50.05 0.10

crystallite-size (nm)  dislocation density X 10™* (nm)™ microstrains X 1072

30.97 10.42 5.78
27.50 13.21 6.51
47.97 4.34 3.73
70.23 2.02 2.55
27.66 13.07 6.47
26.59 14.14 6.74
53.62 3.47 3.34
45.65 4.79 3.92
77.13 1.68 2.32

‘4
WD:7.42mm
Det: SE

SEMHV: 10.0 kV

SEM MAG: 50 x 500 ym

Figure 3. Microstructural analysis of bare Ni—F (Mag: 50X), MoS,@Ni—F (Mag: 200X, 2kX, 50 KX), and ZnS—MoS,@Ni—F (Mag: 200X, 2kX,

50 KX) electrodes.

of the ZnS—MoS,@Ni—F electrode [ref. cards 00-012-0688].
The absence of a diffraction plane related to the MoOj;
compound indicates its complete decomposition into Mo
and O species. The evaporated Mo species react with S to form
MoS, and Mo,S; phases; however, the O species could not
react with metals due to smaller energy fluxes and escape from
the R-T along with the carrier gas. The up-shifting of
diffraction planes and development of structural defects like
dislocation density, stresses, microstrains, and lattice distortion
are produced due to solid solution formation by overlapping
the different diffraction planes of ZnS and MoS, phase [ref.
cards: 00-001-0677, 00-002-0564, 00-012-0688, 00-039-1363].
These structural deformations are responsible for forming
nanostructured porous surface morphology that results in
excellent ECP of S—Cs made by the deposited ZnS—MoS,@
Ni—F electrode. The formation of a nanostructured ZnS—
MoS,@Ni—F electrode may also be responsible for improving
the ECP parameters (discussed later). The full width at half
maxima (fwhm) of any diffraction plane is used to determine
the crystallite size, whereas the dislocation density and
microstrains of the nanostructured electrodes are determined
by following formulas.*"**

1
(Crystallite — size)”

Dislocation — density =

©)

FWHM(cos )

microstrain =
4 (3)

where K, A, and 6 are the numerical constant (0.89),
wavelength of incident radiations (1.54 A), and Bragg’s
angle, respectively. The development of different diffraction
planes of MoS,@Ni—F and ZnS—MoS,@Ni—F electrodes
indicates the formation of polycrystalline nanostructured
electrodes.

When ZnS material is deposited on the already deposited
MoS,@Ni—F electrode, the peak intensity of different planes
of the MoS, phase is reduced. The decreasing peak intensity
confirmed the condensation of ZnS on the MoS, surface,
resulting in nanostructured growth of ZnS—MoS,@Ni—F
electrodes. The increase in structure defects such as fwhm,
dislocation density, and microstrains is responsible for
decreasing the peak intensity, resulting in lattice distortion.
The increment in the structure defects may be due to
heterostructure formation between ZnS and MoS, materials.
Table 2 also demonstrates the variations in different structure

kA
Crystallite — size = ——— parameters of the MoS,@Ni—F and ZnS—MoS,@Ni—F
FWHM(cos 0) (1 electrodes. The variations in different structure parameters
27922 https://doi.org/10.1021/acsomega.3c09560
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Figure 4. EDX spectra of the already-deposited (A) MoS,@Ni—F and (B) ZnS—MoS,@Ni—F electrodes.

are responsible for creating the above-mentioned structure
defects, which are increased due to the nanostructure
formation of ZnS—MoS,@Ni—F electrodes. Additionally,
stress and microstrains are also produced due to up/down
shifting of different diffraction planes of the MoS,@Ni—F
electrode. The up-shifting shows the existence of compressive
stress, while the shifting toward a lower angle shows the
development of tensile stress.*” In our case, the shifting of the
diffraction plane toward a higher angle shows the development
of compressive stresses in the deposited electrodes shrinking
the d-spacing, which is due to the formation of solid solution
(already discussed) of ZnS and MoS, phases.%’47 It means that
the presence of two phases in a solid solution can make bonds;
however, they may be weak or strong depending on their
available energy associated with the surface and strain energies.
In our case, no clearly observed diffraction planes of ZnS—
MoS, phase indicate the formation of weak bonds and just
solid solution is formed (already discussed).

The Raman analysis is further carried out to examine the
structural properties of MoS,@Ni—F and ZnS—MoS,@Ni—F
electrodes. Figure 2B demonstrates the vibrational modes
presented in the deposited MoS,@Ni—F and ZnS—MoS,@
Ni—F electrodes. The MoS,@Ni—F electrodes present two
vibrational (Ezg1 and Alg) modes located at 381 and 412
em™ .70 It is known that the ZnS phase shows $ vibrational
modes like optical (To), longitudinal (LO), and combined
(To + LA), whose locations are close to the observed
positions: ~275, ~348, ~397, ~427, and ~452 cm™.>' 7>’ The
vibrational A;;, mode is more intense, which indicates the
defect-rich active sites along the c-direction. The intensity of
MoS, vibrational modes is slightly decreased when ZnS
material is condensed on the already deposited MoS,@Ni—F
electrode; however, the diffusion of involved species such as
Zn and S into the lattice of MoS, compound distorts its lattice.
The heterostructure formation between ZnS and MoS,
materials is responsible for creating defect-rich active sites
due to the development of the above-mentioned defects.

3.2. FESEM Analysis. The microstructural features
impressively incite the energy storage ability of the deposited
MoS,@Ni—F and ZnS—MoS,@Ni—F electrodes. It is known
that the energy storage ability is dependable on the surface
morphology such as porosity, surface area, distribution and
compactness of nanostructured electrodes. The FESEM
analysis is performed to investigate the microstructural features
of MoS,@Ni—F and ZnS—MoS,@Ni—F electrodes. Figure 3
shows the microstructural features of Ni—F, MoS,@Ni—F, and
ZnS—MoS,@Ni—F electrodes. The microstructure of bare
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Ni—F shows the formation of interconnected rods, indicating
its better electronic conductivity. The wide vacant spaces in the
microstructure are responsible for the larger diffusion of
electrolyte ions. The surface microstructures of the deposited
MoS,@Ni—F electrode are not obvious at a small magnifica-
tion (200 um), while it becomes noticeable at high
magnification (2 pgm and S00 nm). At high magnification,
the microstructure comprises fiber-like nanosheets stacking
one above the other, forming a columnar structure that looks
like vertical growth. The sharp top edge of the columnar
structure is similar to cones like shape. The height of columnar
cones is different, which makes the surface rough, whereas the
various distances between two columnar cones again show the
formation of a rough surface. The overall nanostructural view is
like the moving waves comprising crusts and troughs. The
formation of a rough surface may be more suitable for the
diffusion of ions performing an excellent intercalation process,
enhancing the ECP of the deposited electrode.”® The
microstructural features of the MoS,@Ni—F electrode are
totally changed by the condensation of the ZnS material on the
MoS, surface. At low magnification, the microstructure of the
ZnS—MoS,@Ni—F electrode is composed of vertically
mounting glossy nanoparticles forming a complex distribution
on the whole scanned surface. At higher magnification, the
microstructure of ZnS—MoS,@Ni—F electrodes is the noodle-
like complex network; however, the cross-linkage of the
noodles forms a rough surface, which assists the ECP because
it has been noted that the electrodes having noodle-like surface
morphology show excellent ECP through the intercalation
process. Deep investigation shows that the formation of long
nanorods of diameter ~250 nm are observed. Some nano-
particles of undefined dimensions are attached to the long
nanorods. The horizontally stacked nanosheets are also
attached to the long nanorods as well as the noodles like
network. Such a type of distribution of nanodimensional
microstructures leads to a complicated but porous surface
morphology. One part of the FESEM microstructure is more
porous, while the other part contains nanonoodle-, nanorod-,
and nanosheet-like features. The microstructure of the
nanostructured ZnS—MoS,@Ni—F electrode is significantly
porous as compared to the microstructure of the MoS,@Ni—F
electrode. Additionally, the surface roughness and empty
regions of the nanostructured ZnS—MoS,@Ni—F electrode are
significantly larger than those of the MoS,@Ni—F electrode.
The interconnection of noodles can also increase the diffusion
and hence fast reaction kinetics of electrolytic ions for
improving the ECP. The intertwined nanorods and stacking
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Figure 5. CV profiles of nanostructured MoS,@Ni—F (A) and ZnS—MoS,@Ni—F electrodes (B), combined CV profiles at 1 mV/s (C) and the

calculated C_, values (D) at various scan rates.

of horizontal nanosheets help overwhelm the volume enlarge-
ment during the charge/discharge mechanism.

It is concluded that the porous and rough nanostructural
features comprising nanoparticles/rods/sheets (N-Ps-Rs-Ss)
enable the deposited MoS,@Ni—F and ZnS—MoS,@Ni—F
electrodes to present both P—Cs and EDLC characteristics.
The observed microstructures are responsible for enlarging the
surface area, porosity, and accessibility of huge electrolytic ions
to the large surface area of the deposited electrodes and hence
enhancing the ECP of the nanostructured ZnS—MoS,@Ni—F
electrode. The EDX measurements are studied to determine
the wt % of various elements present in the deposited MoS,@
Ni—F and ZnS—MoS,@Ni—F electrodes (Figure 4A,B). The
EDX peaks associated with Ni, Mo, S, and Zn indicate the
successful deposition of MoS,@Ni—F and ZnS—MoS,@Ni—F
electrodes. The EDX peak associated with Ni comes from the
Ni—F. The wt % of Mo and S for MoS, and Mo, Zn, and S in
the ZnS—MoS,@Ni—F electrode is found to be 27.3 and 24.2
and 27.5, 22.5, and 23.7, respectively. The absence of EDX
peaks related to impurity confirmed the purity and successful
deposition of nanostructured MoS,@Ni—F and ZnS—MoS,@
Ni—F electrodes on the surface of Ni—F.

3.3. Electrochemical Performance. The ECP-like
capacitive and charging/discharging rate of the deposited
nanostructured MoS,@Ni—F and ZnS—MoS,@Ni—F electro-
des is studied by CV, GCD, and EIS measurements. The
electrochemical cell of a workstation comprising three
electrodes is assembled in the presence of 2 M KOH
electrolytic solution. The CV profiles of the nanostructured
MoS,@Ni—F and ZnS—MoS,@Ni—F electrodes at 0.5, 1, 3, S,
and 10 mV/s with the voltage ranged from 0.25 to 0.42 V,

respectively (Figure SA,B). The presence of redox peaks
indicates that both the deposited electrodes show P—C
behavior in KOH solution. The kinetic equation representing
the redox reaction is given by

MoS, + OH™ — MoS,0H + e” (4)

The current generation and redox peak broadening are
increased, but the shape of CV profiles remains constant,
indicating an excellent rate capability and scan stability of the
deposited electrodes. The shifting of redox peaks toward
higher/lower potential indicates that the deposited electrodes
can be used as Li-ion-Bs. The CV curves become flat at higher
scan rates, which means that at a lower scan rate, the deposited
electrodes behave like P—Cs, while at higher scan rates, it
behaves like EDLC.>* The capacitive role is significant at
higher scan rates because a restricted time is presented for the
electrolytic ions to intercalate through the rough porous
surface of electrodes. This hybrid CV profile of the deposited
electrodes enables them to expedite the electrochemical
stability at higher scan rates and is responsible for enhancing
the material stability over increasing scan rates. The C,, values
of the deposited MoS,@Ni—F and ZnS—MoS,@Ni—F
electrodes can be calculated from the CV profiles by the

formula.>®
/ Idv

T 2AXUXAV Xm (8)

where [T dv is the integral area of the CV profile, AV is the
potential difference, v is the scan rate (mV/s), and m is the
active mass of the deposited nanostructured MoS,@Ni—F and
ZnS—MoS,@Ni—F electrodes. The measured C, values of the

C

v
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deposited nanostructured MoS,@Ni—F and ZnS—MoS, @Ni—
F electrodes are 1763, 1334, 747, 556, and 270 and 3565,
1896, 1106, 837, and 495 F/g at 0.5, 1, 3, 5, and 10 mV s7L
respectively. It is obvious that the C. values of the
nanostructured ZnS—MoS,@Ni—F electrode are greater than
those of the nanostructured MoS,@Ni—F electrode due to
large current generation, surface area, and porous micro-
structures. The higher C. values (Figure Sc) of the
nanostructured ZnS—MoS,@Ni—F electrode are responsible
for their excellent S—Cs performance. The porous micro-
structures help provide numerous defect-rich active sites for
maximum diffusion/storage of electrolytic ions during the
kinetic process, resulting in an excellent ECP ability of
nanostructured electrodes. The measured C_ values of
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nanostructured MoS,@Ni—F and ZnS—MoS,@Ni—F electro-
des are significantly larger than their reported C,,
values, 33537395457 =62 The  calculated C,, values of the
deposited nanostructured ZnS—MoS,@Ni—F electrodes are
significantly greater than the literature C., values even after
10,000 cycles. Figure SD demonstrates the variant C_, values
versus scan rates. It is observed that the C_, values are reduced
at a higher scan rate but are significantly higher than those of
the nanostructured MoS,@Ni—F electrode. The active surface
area does not fully participate to store electrolyte ions,
resulting in lower C_, values at higher scan rates. The reason
behind the decreasing C_, values with increasing scan rates is
that the electrolytic ion cannot diffuse inside the deposited
electrode surface due to inadequate time at a higher scan rate.
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Figure 8. Variation in CR values of the nanostructured MoS,@Ni—F (A) and ZnS—MoS,@Ni—F (B) electrodes after 10,000 cycles at 10 A/g and

cyclic reversibility (C) of the deposited electrodes.

Moreover, the C_, values are also decreased due to large
simulations of electrolytic ions leading to the phenomenon of
concentration polarization.”® The higher C_, values of the
nanostructured ZnS—MoS,@Ni—F electrodes are due to the
negligible concentration polarization, resulting in excellent rate
capability.

The GCD measurements are studied to investigate the S—Cs
behavior of the deposited nanostructured MoS,@Ni—F and
ZnS—MoS,@Ni—F electrodes in voltage ranging from 0.25 to
0.42 V. The GCD profiles of the deposited nanostructured
MoS,@Ni—F and ZnS—MoS,@Ni—F electrodes are studied at
1, 2, 3, and 5 A/g to observe the Cg4 CR, CS, and cycle
reversibility.

The GCD profiles of the nanostructured MoS,@Ni—F (A)
and ZnS—MoS,@Ni—F electrodes at 1, 2, 3, and 5 A/g (Figure
6A,B). The shapes of GCD profiles are symmetric in nature,
indicating the excellent rate capability and reversibility of the
deposited electrodes. The discharge time of the ZnS—MoS,@
Ni—F electrode is 3 times higher than that of the MoS,@Ni—F
electrode (Figure 6C), which is good for an excellent S—Cs
ability. The C_4 values of the deposited nanostructured MoS,@
Ni—F and ZnS—MoS,@Ni—F electrodes are estimated by the
equation.A'Q'56

XAt
AV

C,=

cd (6)
where At is discharging time (s) and AV is the potential range
(V). The C_4 values of nanostructured MoS,@Ni—F and ZnS—
MoS,@Ni—F electrodes are found to be 1451, 1003, 762, and
450 F/g and 3032, 2468, 1081, and 624 F/gat 1,2, 3, and 5
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A/g, respectively (Figure 7D). From the CV and GCD
analysis, it is concluded that the nanostructured ZnS—MoS, @
Ni—F electrode is more appropriate due to an excellent ECP
and thus can be used in PES devices. The S—Cs ability of the
deposited electrodes is strongly associated with electronic
conductivity,”>** which is associated with the charge transfer
resistance (R,). The EIS measurement (0.1 Hz—100 kHz)
provides an idea about the overall electronic conductivity of
the deposited nanostructured MoS,@Ni—F and ZnS—MoS,@
Ni—F electrodes. The EIS analysis (0.1 Hz—100 kHz) is
studied to determine the equivalent series resistance (ESR), R,
and diffusion resistance (W,) of the nanostructured MoS,@
Ni—F and ZnS—MoS,@Ni—F electrodes. The EIS profiles of
the nanostructured MoS,@Ni—F and ZnS—MoS,@Ni—F
electrodes before and after 10,000 cycles are shown in Figure
7AB, respectively. It is observed that the EIS profile is
comprised of the appearance of a semicircle and linear part in
the high/low frequency regions.”” The ESR is the combined
resistance of the substrate and active materials, which can be
evaluated through the x-axis intercept, while the diameter of
the semicircle is attributed to R, values®® and slope of the EIS
profile, which represents the diffusion rate of electrolyte ions in
the deposited electrodes. The high slope values of the EIS
profile are good for improving the electronic conductivity, fast
diffusion of ions, and hence excellent ECP of the deposited
electrodes.’” Tt means that if the vertical line of the EIS graph
is more along the y-axis (imaginary axis), the above-mentioned
parameters are higher.

Moreover, these important parameters of EIS analysis
strongly determine the overall kinetic behavior of the
electrochemical process. The values of ESR for the deposited
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nanostructured MoS,@Ni—F and ZnS—MoS,@Ni—F electro-
des before/after 10,000 cycles are 2.79, 1.8, and 2.90, and 1.9
Q, respectively. The minimum values of these resistances met
by the ions in the kinetic process are responsible for favorable
faradic redox reactions in the nanostructured MoS,@Ni—F
and ZnS—MoS,@Ni—F electrodes. Moreover, no semicircle in
EIS graphs of the deposited electrodes thereby confirms that
the deposited electrode shows an excellent ECP (see inset
zoom image). The absence of a semicircle is attributed to the
excellent electrical conductivity, resulting in high charge
storage capability of the deposited electrodes, which in turn
results in good ECP for PES devices. The EIS profile of the
nanostructured ZnS—MoS,@Ni—F electrode is remarkably
vertical as compared to the nanostructured MoS,@Ni—F
electrode, which represents the maximum electrolyte ion
intercalation even after 10,000 cycles. The vertical straight line
of the EIS graph is close to the 90° angle, which shows the
ideal capacitive behavior of the deposited nanostructured
ZnS—MoS,@Ni—F electrode. It appears that the fast kinetics
of the electrolytic ions is responsible for excellent ECP of the
deposited electrodes. The maximum intercalation of ions is
due to larger pore size distribution of the nanostructured ZnS—
MoS,@Ni—F electrode. The excellent diffusion and kinetic
rates of the electrolytic ions are due to the creation of defect-
rich microstructures comprising N-Ps-Rs-Ss (FESEM analysis).
The CR and CS values from the GCD analysis are the key
parameters to determine the long-term stability of the
deposited electrodes for practical applications, especially in
Li-ion-Bs and S—Cs for PES devices. The performance of the
deposited electrodes remains unchanged even after 10,000
cycles at 10 A/g.
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Figure 8A,B demonstrates the higher CR values (85 and
95%) of the nanostructured MoS,@Ni—F and ZnS—MoS,@
Ni—F electrodes, respectively. The inset graphs show the CS
behavior up to 10,000 C. The slight lowering in CR (15 and
5%) for the nanostructured MoS,@Ni—F and ZnS—MoS,@
Ni—F electrodes might be due to changes in surface
morphology like porosity, shape, and size of nanoparticles
during the electrochemical process. The reduction in CR
values is due to the creation of microstrains, stresses, and
defects, followed by the change in surface morphology. These
changes in physical properties may also be generated due to
the rapid kinetic process of the electrolyte ions in working
electrodes. Based on the above-mentioned results, the higher
CR (%) value of the nanostructured ZnS—MoS,@Ni—F
electrode shows that it is more appropriate for the PES
devices. Figure 8C exhibits the change in C_4 values of the
nanostructured MoS,@Ni—F and ZnS—MoS,@Ni—F electro-
des at 2, 3, 4, and 5 A/g for different numbers of cycles. It is
observed that the C_4 values are nearly constant for different
cycles at constant current densities. However, the C_4 values of
the ZnS—MoS,@Ni—F electrode are higher than those of the
MoS,@Ni—F electrode at all current densities. The C_4 values
for both the deposited electrodes become low with the
increasing values of current density; however, these values
approach initial values when the GCD analysis is performed at
lower current densities. This indicates that the deposited
electrodes exhibit an excellent cyclic reversibility, which again
makes it appropriate for the PES devices.

After the analysis of experimental results, the theoretical
simulations are done to study the electrochemical parameters
like capacitive- and diftusive-controlled contributions for the
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overall S—Cs performance of the deposited nanostructured
ZnS—MoS,@Ni—F electrode. The capacitive and diftusive
contributions are determined by the following equation

i(V)

1/2
Y

= kp''? + k,

where i, k|, and k, represent the anodic/cathodic current in CV
analysis at a specific value of potential (V), slope, and intercept
i(V)

1/1/2

by drawing the plot between

respectively. The theoretically calculated capacitive and
diftusive profiles at 0.5, 3, and 10 mV/s are presented in
Figure 9A—C, respectively. The value of the capacitive nature
of the deposited electrodes is about 66%, which is about 2
times that of the diffusive nature at 0.5 mV/s. The values of the
capacitive nature of the deposited electrode are increased up to
90%, whereas the values of diffusive nature are decreased up to
10%. This increasing capacitive nature of the deposited

1/2

Vs v

parameters,

68,69
b
1= av

(7)

constants.

electrodes validates the author’s previous claim that the nanostructured

diffusion of electrolytic ions is reduced at the maximum scan
rate, which may be due to the inadequate time to diffuse the
electrolytic ions into the surface of the deposited electrodes
through intercalation and deintercalation processes. Figure 9D
demonstrates the decreasing trend of the diffusive nature of
electrolytic ions on the surface of the deposited electrodes.
Based on the above-mentioned results, the capacitive
contribution of the deposited electrodes is dominated at
lower and higher scan rates. In short, the nanostructured ZnS—
MoS,@Ni—F electrode exhibits an excellent energy storage
ability, enabling it to be a more interesting candidate for PES
devices. To further clarify the aforementioned experimental
results, theoretical power law simulations are performed to
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investigate the nature of nanostructured ZnS—MoS,@Ni—F
electrodes. The P—Cs nature of the deposited nanostructured
ZnS—MoS,@Ni—F electrodes is calculated by the equation®

(8)

where i is the anodic peak current and a and b are the

The value of the constant b-parameter can be evaluated by
the linearly fitted plot of log of anodic peak current versus log
of the scan rate.
type behavior, whereas if b is greater than 0.5 but less than 1,
then it has hybrid behavior (combined battery and P—Cs). In
the present case, the observed b-values are found to be 0.45,
0.58, 0.72, and 0.85 (Figure 9E), which suggest that the
deposited nanostructured ZnS—MoS,@Ni—F electrode has
hybrid behavior.

3.4. Asymmetric S—Cs Performance. The deposited

If b is 1, the deposited electrodes have battery-

ZnS—MoS,@Ni—F electrode (exhibiting ex-

cellent energy storage ability) and activated carbon (AC) are
employed as positive and negative electrodes for assembling
asymmetric S—Cs devices, respectively. The +ve and —ve
electrodes are isolated through filter paper to overcome the
short-circuiting.
S—Cs device. Figure 10A exhibits the combined CV profile of
AC and the nanostructured ZnS—MoS,@Ni—F electrode at $
mV/s. The nanostructured ZnS—MoS,@Ni—F electrode
presents the EDLCs and P—Cs nature, whereas the AC
electrode only showed the EDLC behavior. The CV profiles of
the asymmetric S—Cs device at 5, 20, 50, 100, and 150 mV/s
are shown in Figure 10B. Again, the asymmetric S—Cs device
shows the combined EDLCs and P—Cs behavior.

Figure 10 shows the ECP of the asymmetric
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The presence of redox peaks even at 150 mV/s shows an
excellent rate capability and the ECP of the asymmetric S—Cs
device, which is due to high defect-rich microstructure active
pores of the electrodes used in the assembling device. The
small shifting in redox peaks indicates the minimum polar-
ization effects that is attributed to the unique microstructural
features of the ZnS—MoS,@Ni—F electrode with the
increasing scan rate. The GCD profiles (Figure 10C) are
studied at 3, 3.5, 5, 11, 18, and 30 A/g to check the ECP of the
asymmetric S—Cs device. The C4 values of the asymmetric S—
Cs device are found to be 996, 971, 886, 847, 832, and 802 F/g
at all current densities. The Ey and Py of asymmetric S—Cs
device ranged from 354 to 285 W h/kg and 2400 to 24,000 W/
kg (Figure 10E). The CR and CE of the asymmetric S—Cs
device after 10,000 cycles are found to be 95 and 100% at 18
A/g, respectively. Results indicate that the assembled
asymmetric S—Cs device exhibits an excellent S—Cs perform-

ance as compared to the reported asymmetric S—Cs
e 39,49,54,57—61
devices.

4. CONCLUSIONS

Herein, the nanostructured hierarchical MoS,@Ni—F and
ZnS—MoS,@Ni—F electrodes comprising N-Ps-Rs-Ss are
deposited by a simple H-M CVD route. The XRD patterns
confirm the formation of polycrystalline films growing along
various orientations. The modification in structural and
microstructural parameters shows the presence of lattice
distortion, microstrains, stresses, and defect causes to enhance
the ECP of S—Cs. The C,, and C_4 values are found to be 1763
and 3565 F/g at 0.5 mV/s and 1451 and 3032 F/g at 1 A/g of
the deposited electrodes, respectively. The growing behavior of
impedance graphs indicates their capacitive nature; however,
the shifting of impedance curves toward the y-axis indicates the
increasing diffusion rates, which is because the development of
nanostructured MoS,@Ni—F and ZnS—MoS,@Ni—F electro-
des results in low impedance. The minimum capacity fading
and larger electrical conductivity of the deposited electrodes
are due to the combined effect of the EDLC and P—Cs nature,
which is again confirmed by the theoretical simulation. The
formation of rough and porous microstructure comprising N-
Ps-Rs-Ss and randomly orientated nanosheets enhances the
ECP of the deposited electrodes. The absence of charge
transfer resistance and an excellent CR (95%) after 10,000
cycles shows that the deposited nanostructured ZnS—MoS,@
Ni—F electrodes are suitable for PES devices than the MoS,@
Ni—F electrode. The assembled asymmetric S—Cs device
showed that the values of electrochemical parameters like C_g4,
E4 Py CR, and CE are found to be 996 F/g, 354 W h/kg,
24,000 W/kg, and 95 and 100% after 10,000 cycles,
respectively. Results show that binder-free excellent electrode
materials having high ECP can be deposited with a simple H-
M-CVD route.
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