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Grid-scale energy storage solutions are necessary for using renewable energy sources efficiently. A super-
capattery (supercapacitor + battery) has recently been introduced as a new variety of hybrid devices that
engage both capacitive and faradaic charge storage processes. Nano-chain architectures of NigsCog sS
electrode materials consisting of interconnected nano-spheres are rationally constructed by tailoring the
surface structure. Nano-chains of the bimetallic sulfide NigsCogsS are presented to have a superior
charge storage capacity. The Nig 5C0g.sS nano-chain electrode presents a capacitance of 2001.6 F g~* at
1 mV s~%, with a specific capacity of 267 mA h g™ (1920 F g™ at 1 A g~ in 4 M KOH aqueous electrolyte
through the galvanostatic charge—discharge (GCD) method. The reason behind the high charge storage
capacity of the materials is the predominant redox-mediated diffusion-controlled pseudocapacitive
mechanism coupled with surface capacitance (electrosorption), as the surface (outer) and intercalative
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(inner) charges stored by the NigsCogsS electrodes are close to 46.0% and 54.0%, respectively.
Additionally, a NigsCoq 5S//AC two electrode full cell operating in asymmetric supercapacitor cell (ASCs)
mode in 4 M KOH electrolyte exhibits an impressive energy density equivalent to 257 W h kg’1 and a
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Introduction

Clean, pollution-free renewable energy technologies including
solar, wind, and tidal have been developed in response to the
gradual depletion of fossil fuels and the increase in CO, emissions
but due to the time and weather dependent nature of these renew-
able energy technologies, a higher degree of current and voltage
fluctuations is associated with these sources. Therefore, to get a
steady electricity output from these sources, superior energy
storage systems are needed to utilize such energy sources effec-
tively. Thus, grid-scale energy storage devices are necessary to use
renewable energy technology efficiently. Further large-scale energy
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power density of 0.73 kW kg™ at a current rate of 1A g%,

storage systems at high current rates are also required for electric
vehicles, smart grids, and different wearable and portable
gadgets."” Supercapacitors (SCs) have drawn a lot of attention due
to their safer operation, rapid charge-discharge, and longer
cycling life than traditional batteries and capacitors. The electro-
chemical characteristics of the electrode materials significantly
impact the supercapacitor performance. Based on their energy
storage mechanism, electrical double-layer capacitors (EDLCs) and
pseudocapacitors (PCs) are the two main categories in their hybrid
combinations to be used in SCs. Electrostatic charges accumulat-
ing at the electrode/electrolyte interface are the root of EDLC-type
capacitance. Because the electrode materials used in pseudo-
capacitive energy storage with the accessibility of different oxi-
dation states produce energy through swift and reversible redox
processes, a substantially higher energy density than EDLCs is
achieved.>® Supercapattery (supercapacitor + battery) which is
another class of supercapacitors has recently been introduced as a
new terminology to describe the variety of hybrid devices that
engage both capacitive and faradaic charge storage processes
either at the device level or the electrode material level. A superca-
pattery is also known as an asymmetric supercapacitor (ASC) or
hybrid supercapacitor (HSC) or battery-supercapacitor hybrid
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device. In an HSC or ASC system, the power source of a capacitor-
like electrode is combined with the energy source of a battery-like
electrode in the same cell. The supercapattery bridges the gap
between a supercapacitor and a battery by combining both capaci-
tive and faradaic charge storage mechanisms into a single device
that achieves optimal energy and power densities.”®* While super-
capacitors have a high power capability and batteries have a
massive capacity for energy storage, a supercapattery comprises a
wide variety of combinations that are currently under exploration
to develop large-scale energy storage systems.”'* To overcome low
energy densities, low stability, and slow kinetics, strategic
measures are required to be taken. In this context, significant
research has been devoted to designing and fabricating several
high-performance energy storage materials, such as Fe,O;,'""?
MOSZ’13—15 C0304,16,17 NaV03,18 V205,19 Nb205,20 M003’21—23
MnO, ** and transition-metal sulfides®*® in recent times. Due to
their electronic structure and structural properties, TMSs have
been extensively researched in optical, electrical and optoelectronic
devices, including light-emitting diodes, solar cells, sensors and
electrodes for lithium-ion batteries (LIBs).>’*' Due to their low
electronegativity, high specific capacitance, and superior mechani-
cal and thermal stability compared to their analogous oxide
counterparts, sulfides of transition metals, such as WS,,>**
FeS,,>*?® MoS,,” ™ CuS,*”*® Co0S,**** and NiS,**™*® have been
extensively employed as anode materials for supercapacitors.
Because of its unique and distinctive properties, nickel sulfide is
helpful in various applications and can serve as both the anode
and cathode material for LIBs.*>*® The use of cobalt sulfides as
the cathode in LIBs has been examined as a robust material with a
low overpotential, extended cycle life, high resilience, and
durability.”** Bimetallic sulfides are regarded as a promising
class of electrode materials for high-performance energy storage
devices due to their exceptional electrochemical activity and
capacity compared to most mono-metal sulfides.**® Due to their
distinctive physical, chemical, electrical, and optical properties, as
well as their numerous potential applications in catalysis and
electrochemical supercapacitors, Ni-Co-S compounds with
different stoichiometric compositions, such as NiC0,S,,%
CONiS4,%7% Nij 5C04.554,°%%7 Ni,C03_,S4,*** (Nig.5C00.5)oSs, * and
Ni,Co;_,S,,”" 7% have drawn significant attention.

Electrochemical activities can be maximized by altering the
active material compositions, fine-tuning the electronic struc-
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tures, and adjusting the active sites of materials. The ionic
radius of Co*" is close to that of Ni*" as they are adjacent tran-
sition metal elements. Thus, doping Ni atoms onto the CoS
molecule can regulate the electronic structure and stabilize Co
species as the electrode material for supercapacitors. As the
crystal structure and ionic radius are similar, a solid solution
of Ni,Co;_,S is expected to be formed. Earlier, C. Huang et al.
attempted to construct bundle-like Ni,Co,_,S/C nanostructures
using 3D Ni-Co-BTC as the starting material to enhance the
supercapacitive performance of the elctrode.”

This report presents the synthesis and characterization of a
bimetallic sulfide Ni,;C005S nanostructure and the electro-
chemical performances of the developed Nij, 5Co, 5S nano-chain
electrodes. Due to the combined advantages of Co/Ni-S elec-
tronic structures, the Nij5C0,5S electrode demonstrated a sig-
nificantly improved electrochemical performance. The electrode
achieved a specific capacity of 267 mAh g* (1920 Fg ) at1 A
¢! in 4 M KOH aqueous electrolyte through galvanostatic
charge-discharge (GCD) experiments and a capacitance equi-
valent to 2001.6 F g”' at 1 mV s~ ' by cyclic voltammetry (CV).
Furthermore, the assembled Ni, 5C0, 5S/AC asymmetric super-
capacitors (ASCs), which employed the Ni, 5Co, S electrode as
the positive electrode and activated carbon (AC) as the negative
electrode, obtained an impressive energy density comparable to
~257 W h kg™" and a power density of ~7.2 kW kg™ ".

Experimental
Synthesis

All chemicals used in this experiment were purchased from
Alfa Aesar and used without any further purification. To create
a homogeneous solution, equimolar ratios of NiCl,-6H,0 and
CoCl,-6H,0 were dissolved in 250 ml of deionized water and
continuously stirred for 5-6 hours, followed by ultrasonication
for 30 minutes. Then, a black fine precipitate was obtained
when H,S gas was introduced into the solution using the Kipp
generator technique. A schematic illustration of the synthesis
of Niy 5C0y 5S is shown in Fig. 1.

The resultant fine precipitate was filtered and repeatedly
washed with ethanol and deionized water. The product was
then dried in a hot air oven (under an N, atmosphere) at

CoCl,-6H,0

g
N @

v
. 4
— e 32; =
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at 120 °C

Precipitate Ni, .Co S

Fig. 1 Schematic presentation of the synthesis of Nig 5C0g sS.
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120 °C for 24 hours and used for crystallographic and electro-
chemical characterization. The chemical reaction representing
the formation of Ni, 5Co, 5S is given in eqn (1).

COC]Z'GHzo + N10126H20 + 2H,S

Characterization

Using a Rigaku SmartLab 9 kW X-ray diffractometer (XRD) and
Cu-Ka radiation (4 = 0.154 nm) in the range 26 = 20°-70° with
a step size of 0.02°, the material’s phase purity and structural
characteristics were investigated. Using FullProf Suite, the
powder XRD patterns were Rietveld refined. The Xpert High
Score (PANanylytical) programme identified the crucial phase.
The surface morphology and structure of the sample were
studied using SEM (EVO-Scanning Electron Microscope MA15/
18, CARL ZEISS Microscopy Ltd). Microstructural analyses were
carried out at a 200 kV acceleration voltage using a high-resolu-
tion transmission electron microscope (FEI Tecnai G> 20
TWIN, USA). Before placing a drop on a holey-carbon-coated
copper grid (Pelco International, USA) for TEM imaging,
samples were dissolved in 20 ml of anhydrous ethanol and
sonicated for 30 minutes. Image J software was used to record
and analyse HRTEM micrographs. Using an Agilent Cary 60
UV-visible spectrophotometer, the optical characteristics
between 200-800 nm were investigated. Using a TGA thermal
analyzer (STA 6000, PerkinElmer Pvt. Ltd), the analysis was
conducted at a heating rate of 10 °C min™" in the temperature
range of 30 to 700 °C to determine the thermal stability of the
as-prepared sample. The sample’s Raman spectra were calcu-
lated using a 633 nm laser and a Renishaw Raman microscope.
The Nicolet iS5 FT-IR spectrometer was used to capture the
samples’ infrared spectra between 400 and 4000 cm ‘. BET
(BELCAT-II, MicrotracBEL Corp.) was used to measure the
sample’s pore size distribution and specific surface area. A
standard three-electrode setup was used to conduct all electro-
chemical tests on the sample, including cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD) tests, and electro-
chemical impedance spectroscopy (EIS), and AfterMath soft-
ware (WaveDriver-200 from Pine Research) was used to record
the results.

Preparation of the electrode

The appropriate amounts of the active material, activated
carbon (AC), and polyvinylidene difluoride (PVDF) binder were
combined in N-methyl-2-pyrrolidone (NMP) solvent in the ratio
of 7:2:1 to prepare working electrodes. Active material
(Nig.5Co0.5S) was preheated at 120 °C for 24 h in a hot air oven
before making the electrode ink. To construct the working
electrode, a homogeneous, viscous slurry was mixed using a
mortar and pestle and then cast over a 1 cm® area of Toray
carbon paper. Additionally, the coated electrode was dried for
12 hours at 80 °C. In the fabrication of the electrodes, AC was
employed to improve the conductivity of the electrodes. The
electrode loading was estimated by weighing the electrode on

This journal is © The Royal Society of Chemistry 2024
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an electronic balance (error limit: 0.01 mg). For that, the
weight of the Toray paper was recorded, and then the Toray
paper was coated with electrode ink (after the ink had dried
across a 1 x 1 cm” area on the Toray paper). One mg was found
to represent the complete electrode load (0.7 mg active
material, 0.2 mg AC, and 0.1 mg PVDF binder). Similarly, the
required amounts of AC and PVDF binder were dissolved in
NMP solvent in a 9: 1 ratio to produce AC electrodes.

Results and discussion
Structural characterization

The single-phase hexagonal Ni,sCo,5S sample was syn-
thesized using a simple H,S-mediated two-phase (gas
diffusion in liquid) precipitation route in an aqueous medium.
The formation of Ni, 5C0 5S in a single phase is facilitated by
the controlled heterogeneous precipitation of the solid phase
due to the gradual diffusion of H,S gas into the liquid phase.
Fig. 2a shows the Rietveld refined XRD profile of the hexagonal
Nig.5C00.5S. The crystal structure was refined using hexagonal
CoS as the model structure. The sharp prominent diffraction
peaks at 26 values of 30.67, 35.34, 46.95, 54.52, 62.56, 63.87,
66.65, 73.12 and 74.75 represent the (100), (101), (102), (110),
(103), (200), (201), (004), and (202) planes, respectively, of
Niy 5C00.5S in the hexagonal cell (space group: P6;/mmc) with
lattice parameters a = b = 3.37 (1) A, c = 5.18 (3) A, a = § = 90°
and y = 120°, which match very well with the diffraction peaks
of hexagonal CoS (ICDD File No: 01-075-0605). The VESTA
images (Fig. 2b-I;, I, and I3) of the Nij5C0,5S nano-chains
show the arrangement and sharing of cation polyhedra in a
layered hexagonal structure. The Co®>*/Ni*" atom is bonded to
six equivalents of S>~ atoms to form a mixture of corner, edge
and face sharing octahedra. Furthermore, the S>~ atom is
bonded in a 6 coordinate geometry to 6 equivalents of Co>"/
Ni*" atoms. The Debye-Scherrer equation was used to evaluate
the crystallite size, and an average crystallite size of 21.07 (1)
nm was found. Due to the substitution of smaller Co** ions
(cor+ = 0.065 nm) with the larger Ni** ions (ryj2+ = 0.069 nm) in
the hexagonal CoS structure, lattice parameters of Niy 5C0¢ 5S
are shifted to a higher value than those of hexagonal CoS.”®
The XRD pattern of the Ni, 5C00.5S sample confirms the pres-
ence of single-phase hexagonal (space group: P6z/mmc)
Niy 5C00.5S as no secondary diffraction phases are observed.
Thermogravimetric analysis (TGA) under an N, atmosphere
investigated the sample’s thermal stability, as shown in ESI
Fig. S1a.t The Niy 5C0, 5S sample’s black powder was subjected
to heating from ambient temperature to 700 °C with a heating
rate of 10 °C per minute. The weight loss process of the
Niy5C005S nano-chains may be separated into two distinct
phases. The first phase of weight loss occurs within the temp-
erature range of 65-135 °C, resulting in a weight loss of about
6.06%, equivalent to ~0.45 H,O molecules. The observed
reduction in weight may be ascribed to the presence of phys-
ically adsorbed moisture and the hydroxide group. From
135 °C to 533 °C, the sample is almost stable, with a slight
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Fig. 2 (a) Rietveld refinement of the XRD profile of Nip5C0g.5S nano-chains, and (b) VESTA image of Nip 5C00 sS nano-chains.

weight loss, which implies that the Ni, 5C0, 5S nano-chains are
stable up to a fairly high temperature. Additionally, at a temp-
erature of 533 °C, a significant reduction in weight occurs due
to the disintegration of the Ni, 5C0¢ 5S nano-chains, resulting
in the release of sulfur. A weight loss of 17.81% accompanies
this decomposition process.”*”> Hence to remove the water
present in the sample, the sample was dried at 120 °C under
an N, atmosphere to make it moisture free to study the electro-
chemical performances of the electrode. Eqn (2) and (3) in the
TGA study depict the observed weight losses.

Nio_sCO()_sS - xH,O — Nio_sCOo_sS + tzo; x ~ 0.45 (T
~ 135°C) (2)

Ni045C00.SS ad Ni0.5C00,5Sx + (1 — x) S, x ~ 0.45 (T ~ SSOOC)

(3)

The FT-IR spectrum of the as-prepared (without any pre-
heating) Ni,5C005S nano-chains is shown in ESI Fig. S1b.t}
The spectral peaks at 3347 cm ™' and 1631 cm™" may be attrib-
uted to the stretching and bending vibrations of the hydroxyl
(OH) functional group of water molecules that have been
adsorbed onto the surface. Furthermore, the bands at 407,
414, 421, and 433 cm™" are related to the symmetrical stretch-
ing vibration, whereas those at 1016 and 1085 cm™" are related
to the asymmetrical stretching vibration assigned to Ni-S or
Co-S bonds in the Ni, 5Co 5S sample.*”®

For additional investigation on the structure and phase
composition of the sample, Raman spectroscopy was per-
formed on the pre-heated active material as shown in ESI
Fig. S1c.t Peaks at 180, 455, 513, and 640 cm™" can be indexed
to the Raman-active vibrational peaks of the Nij5C0¢.5S
sample, which correspond to the typical phonon modes Fyg,
Eg, Toe and A,g, respectively.”””® The Raman spectral lines of

5438 | Dalton Trans., 2024, 53, 5435-5452

the Nij5C0y5S sample exhibited a shift towards lower wave
numbers, often referred to as a bathochromic shift or red
shift. This shift indicates the phonon confinement effect,
which may be attributed to the quantum confinement of
optical phonons. This effect is further corroborated by a high-
intensity stretching band seen at a wavenumber of 962 cm™".*
The UV-visible absorption spectrum of the as-synthesized
pre-heated Ni, 5Coo 5S was recorded at room temperature in
the range of 200-800 nm (ESI Fig. S1d¥). The absorption peak
at a wavelength of 374 nm was seen, and the optical band gap
(2.32 eV) was determined using the Tauc plot (shown in the
inset of ESI Fig. S1df).”® The surface area measurements of
the Nij5Coy5S sample using Brunauer-Emmett-Teller (BET)
are displayed in ESI Fig. Sle.f The adsorption and desorption
isotherms of the Nij5C005S sample showed characteristics
that correspond to type IV isotherms, indicating a combination
of micro- and mesoporous structures. The calculated BET-
specific surface area and the average diameters of pores were
found to be 13.45 m” g~' and 14.27 nm, respectively. The
Nij 5C00.5S sample exhibits mesopores characterized by a sig-
nificantly enhanced surface area. This attribute facilitates an
enhanced interaction with the electrolyte and improves electro-
chemical reaction kinetics. The increased concentration of
charge carriers at the material’s surface is responsible for this
effect. Furthermore, it is shown that the measured mesopore
diameter of the Ni,5Co05S nano-chains is much larger than
the dimensions of OH-ions in an aqueous KOH electrolyte.”*%°
The elemental composition and chemical oxidation state of
the Niy5C005S nano-chains were studied using X-ray photo-
electron spectroscopy (XPS). The spectrum shown in Fig. 3a
exhibits the high-resolution Ni (2p) spectrum. It reveals the
presence of two distinct peaks, namely 2p;,, and 2p;,, located
at 856.74 and 874.34 eV, with their corresponding satellite
peaks at 862.46 and 880.23 eV, respectively, assigned to the

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 XPS plot of Nig 5C00.5S nano-chains, (a) Ni (2p) spectra, (b) Co (2p) spectra, and (c) S (2p) spectra.

Ni*" oxidation state. Likewise, the high-resolution Co (2p) spec-
trum (Fig. 3b) shows 2ps,, and 2py,, at 782.05 and 797.96 eV,
and the corresponding satellite peaks at 786.47 and 802.89 eV
are assigned to the Co** oxidation state. The high-resolution S
(2p) spectrum (Fig. 3c) shows two characteristic peaks at
168.98 and 170.12 eV, respectively. The peak observed at
168.98 eV corresponds to S (2ps/,) associated with the sulfur-
metal bonding and the peak that appeared at 170.12 eV corres-
ponds to S (2p1,) and is attributed to the surface bonding of
low-coordination divalent sulfur (S>7). Furthermore, the satel-
lite peak observed at about 162.52 eV corresponds to the
binding energies of metal-sulfur bonding (Ni-S and Co-S
bonding). Thus, the XPS study confirms the formation of Co**,
Ni**, and S>~oxidation states in the Nig 5C0, 5S sample.**®”

Fig. 4a shows the SEM image, which illustrates the particle
dispersion and agglomerated arrangements of the Ni, 5C0g 5S
sample containing interconnecting spheres of sub-micron
sizes. The EDX (energy dispersive X-ray) image shown in
Fig. 4b confirms the composition of the material. HR-TEM
images shown in Fig. 4(c and d) confirm the formation of the
nano-chain arrangement of the Ni, 5C0,5S sample containing
the interconnecting nanospheres. HR-TEM images of several
other areas of the Nij 5C0, 5S sample are provided in the ESI
Fig. S2 (a, b and c)} further confirming the successful for-
mation of nano-chains. In aqueous solution, reduction in

This journal is © The Royal Society of Chemistry 2024

coordination number of Ni**/Co** cations located on the
corner occurs during the sulphide formation reaction at sur-
faces. Hence, the edge sites of sulphide (Ni/CoS) nuclei act as
the active sites to react with S*~ anion relese through slow
diffusion H,S in aqueous solution preferentially form chain-
like sulfide nuclei resulting in formation of Niy 5Co5S nano-
chains. The nano-chains’ average diameter was ~60 nm as
seen in the HRTEM images. The nano-chain structure can
allow a fast electron transfer within the material required for a
high rate/fast electrochemical capacitance/charge storage of
the materials. The development of nano-chain architectures in
Niy 5C00.5S electrode materials is significant because it has the
potential to enhance the electrode’s performance by reducing
the diffusion length, facilitating a larger surface area for
contact between the active materials and the electrolyte, and
improving the kinetics of electrochemical reactions, leading to
improved energy storage and conversion properties.®"

Electrochemical studies

The electrochemical behavior was investigated using galvano-
static charge-discharge and cyclic voltammetry (CV) to evalu-
ate the capability and suitability of the material for energy
storage as supercapacitors. The charge-storage properties of
the Nij 5C05S electrodes were evaluated using cyclic voltam-
metry (CV) in a three-electrode setup. The counter electrode
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consisted of a platinum electrode; the working electrode was a
Niy5C00.5S nano-chain coated carbon paper with an area of
1 cm®. In contrast, a saturated Hg/HgO electrode in 1 M KOH
solution was used as the reference electrode in the KOH elec-
trolyte. The electrochemical parameters of the working elec-
trode can be analyzed by calculating the charge storage
capacity of the materials using eqn (4) in conjunction with the
CV curve.
_ Jpi(B)dE

P 2my(E, — Ey)

(4)

The calculation of the charge storage capacity in mA h g™*
can be determined using eqn (5).

C(mAhg™) =C, AV/SG—M
& )= 0w T 2my x 3.6

(5)

In this equation, Cy, is the specific charge storage capaci-
tance in F g7%, the integral Lfl * i(E)dE is the total voltammetric
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(a) SEM images, (b) EDX analysis image of the prepared Nip 5sC0g sS nano-chains, (c and d) HRTEM images of Nig 5sC0¢.5S nano-chains.

charge acquired by integrating both positive and negative
sweeps in CV, (E, — E;) is the width of the potential window
(V), m is the mass (g) of the active material, and v is the scan
rate (V s™'). Although the capacitance values in the forward
and backward directions do not precisely match, we have used
the average value; as a result, the factor 1/2 is employed to
create the holistic picture. The CV data were collected at
different KOH concentrations, namely 0.5, 1, 2, 4, and 6 M.
Fig. 5(a-d) illustrates the CV plot between the concentration of
KOH and the mass-specific capacitance. The mass-specific
capacitances were determined using eqn (4) and (5) and were
found to be 1512, 1580, 1836, 2001.6, and 1703 F g™ " at a scan
rate of 1 mV s~ in KOH solutions with different concen-
trations ranging from 0.5, 1, 2, 4, to 6 M, respectively.

As seen in Fig. 5a, the specific capacitance exhibits an
initial upward trend as the OH™ concentration increases and
reaches its peak capacitance in a 4 M KOH solution.
Subsequently, the particular capacitance diminishes with
further escalation of the OH™ concentration. The Ni, 5Cog 5S

This journal is © The Royal Society of Chemistry 2024
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(a) The plot of KOH concentrations vs. specific capacitance at various sweep rates. Standard CV plots for the Nig 5C0g sS electrode in (b), (c),

and (d) solutions of 1, 2, and 4 M KOH at different sweep rates of 1-100 mV s™*. The comparative CV analysis at 10 mV s (e), and the Nip 5C0og5S

electrode diffusion kinetics plot (f).

sample has a higher specific capacitance in 4 M KOH due to
the optimum number of charged ions trapped/stored on the
porous surface. The electrolyte’s ionic conductivity decreases
when its concentration exceeds 4 M KOH. This decrease can be
attributed to the slow migration of ions primarily due to the
high probability of ion collision and the strong electrostatic

This journal is © The Royal Society of Chemistry 2024

interaction between anions and cations, leading to the slug-
gish formation of a double layer or surface absorptions of
ions, resulting in a lower specific capacitance of the material
in 6 M KOH electrolyte.®>"%>

One pair of clearly distinct redox peaks, located at
+0.20/+0.12 V, is visible on the CV curve in Fig. 5d (4 M KOH).
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The pseudocapacitive behavior in conjunction with surface
redox (electrosorption) is explained by the CV curve’s nature.®®
Thus non-rectangular and quasi-reversible curves were
obtained in the potential range of —0.05 to +0.45 V, demon-
strating that surface redox intercalation followed pseudo-
capacitive storage. Redox peaks are the result of the electro-
chemical charge transfer reaction involving the interconver-
sion of Co** to Co®" and Ni** to Ni** reversibly through electro-
sorption (redox) of OH™ ions. Furthermore, the redox activity
increases with the substitution of Ni atoms at the Co-site of
the CoS base structure. The synergistic interaction between Co
and Ni leads to a very high charge storage capacity of the
Nip5C005S electrode. The following chemical reaction
equation is responsible for the redox-mediated charge storage
on the electrode.”

Ni0_52+COO_52+S +OH = COO_53+Ni0_53+S(OH7) +e (6)

Later studies were carried out in 4 M KOH electrolyte only
as the best activity of the electrode was found in this electro-
lyte. The capacitance of a 4 M KOH solution was determined
by measuring it at various scan rates ranging from 1, 5, 10, 20,
40, 80, and 100 mV s~' and the corresponding capacitance
values were found to be 2001.6, 1569.6, 1397, 1224, 960.5, 617,
and 489.6 F g, respectively.

The specific capacitance decreases as the scan rates
increase due to incomplete absorption coupled with surface
redox at high scan rates. As the scan rate increases, the catho-
dic and anodic peaks shift linearly to a negative and positive
potential, respectively. At the same time, the almost
unchanged shapes of each curve demonstrated the high rever-
sibility and rapid charge-discharge response of the Niy 5Cog 5S
electrode. The capacitance retention for a 4 M KOH solution
decreases to 31.25% as the scan rate increases from 1 to
100 mV s™'. This decline may be attributed to the insufficient
period available for the absorption and diffusion of ions into
the active electrode surfaces at higher scan rates. Fig. 5e dis-
plays the comparative study of CV at different electrolyte con-
centrations, spanning from 1 M to 4 M. The redox potential is
shifted to a lower value as the concentration of electrolyte
(KOH) increases. This phenomenon is considered unfavour-
able in the context of high-voltage supercapacitor
applications.”*®?

The relationship between cathodic and anodic peak cur-
rents in Fig. 5f indicates a linear correlation with the square
root of scan rate (v*/?). This observation suggests that the CV
curve exhibits a behaviour governed by semi-infinite diffusion.
The computation of the diffusion coefficient may achieve a
more comprehensive understanding of electrode diffusion.
The diffusion coefficient of the electrode was obtained using
the Randles-Sevick equation (eqn (7)).

ip = 2.686 x 10° x n*2AD2Co0'/? (7)

In this equation, i, is the peak current (A), n is the
number of electrons transferred during the redox reaction
(usually ~1), A is the area of the electrode in cm? D is the
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diffusion coefficient in cm? s™%, C, is the concentration of
OH™ ions in mol cm™, and v is the scan rate in V s™'. The
hydroxide (OH™) ion diffusion coefficient (D) was found to
be 3.14 x 10 %cm® s™" for oxidation and 2.50 x 10~ ecm?* s7*
for reduction, respectively.

With 1e7/OH™ charge transfer associated with reversible
intercalation/de-intercalation of OH™ ions, the Nij 5C0g 5S elec-
trode has a theoretical capacity of 1062 F g™*, in the voltage
window of —0.05 to 0.45 V. In our investigation, Niy5C0q.5S
demonstrated a consistent capacitance of 278 F g~" at the scan
rate of 1 mV s™*. The Niy 5Coq5S electrode exhibited a capaci-
tance of 960.5 F g~* even at a scan rate of 40 mV s™*. Thus, the
capacitance of Niy 5C0,5S can be described as a combination
of double-layer formation coupled with diffusion-controlled
surface redox reactions. The electrochemical charge storage
reaction is depicted in eqn (8) representing the contribution of
both (1) double-layer formation and (2) diffusion-controlled
surface redox processes.

Nig 527 C0p.52"S + OH™ + xKOH

— Ker |Ni0‘5,x2+Nix3+C00'5,x2+cox3+s‘ (OH)1+X7

(8)

The value of x can vary with the scan rates. The contri-
bution of both (1) double-layer formation and (2) diffusion-
controlled surface redox processes are determined in later
studies. As we know, the charge storage of the electrode is
mainly composed of two parts: the surface-controlled double-
layer formation and the diffusion-controlled redox process.
The charge storage mechanisms/kinetics of the Nig5C0q5S
electrode was further evaluated qualitatively using the power
law outlined in eqn (9).”>*’

i=av? (9)
where a & b are variables that can be adjusted, i represents the
current (A) and v is the scan rate (V s™'). The value of b falls
within the range of 0.5-1. Avalue of b equal to 1 represents the
capacitive reaction or electrosorption at the surface. In con-
trast, a value of b equal to 0.5 means the reaction is controlled
by semi-infinite diffusion, specifically for battery materials of
the intercalative type. The b values for the oxidative and reduc-
tive currents, obtained from Fig. 6a, were determined to be
0.67 and 0.68, respectively, in the log(v) vs. log(i) plot. This
indicates that the current can be attributed to a combination
of diffusion-controlled insertion and pseudocapacitive pro-
cesses (diffusion-controlled redox-mediated intercalation pro-
cesses). Trasatti’s®® and Dunn’s®® methodologies evaluate the
impacts of diffusion-controlled and surface-controlled capaci-
tance processes on the obtained experimental data. Fig. 6b
illustrates the dependency of the current response on the
sweep rate in quantitative voltammetry, which enables the
determination of the capacitive contribution. Diffusion-con-
trolled insertion/intercalation and surface capacitive reactions
contribute differently to the current response at a fixed
potential.®®

i(v) = kyo + koo /2 (10)

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3dt04184k

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 12 February 2024. Downloaded on 3/6/2026 5:57:23 PM.

(cc)

Dalton Transactions

View Article Online

3k
a)
-
« 2F
el
~
=1}
=1
p— Pearson's r 6 | 0.99932
Adj. R-Square 0.99717 | 0.99845
Value
0
MBI Intercept 2.18635
b value Slope 2067106
~-1 Ie Intercept -2.24504
.2 b value Slope 0.67602
=3
=)
-2
—
3t 1 . 1 N 1 N 1 N 1
0.0 0.5 1.0 1.5 2.0
log v (mV/s)

- Diffusion controlled
- Surface controlled

132.0%)|

80

Contribution (%)
o

4 60 80
Scan rate (mV/s)

Paper
'S'b) Pearson's r| -0.99547
9 Adj.R-Sq | 098795
s Value
= -6F alue
Q ¢ Intercept | -4.250
E , Slope[-1.335
~
<
'\-sl-
Q
-
=9
10k
i 1 " 1 i 1 i 1 i 1 " 1 " 1 i 1
1.0 15 20 25 30 35 40 45
12
50!

F'S
=

w
=

[
=

=

'
—
=

»
S

Current Density(A/g)

8.5t €) 20 mV/s
<« 80
=
il

X
iy
~7.0F
on
~
= 6.5
e
o 6.0 Pearson's | 0.99773
Adj R.Sq | 099395
Value
5.5 c Tntercept |4.18012
B ] 553047
sof @ Lmvis] S
1 i 1 N 1 1 " l | " 1 " 1
1.0 1.5 2.0 2.5 4.0 4.5
|/2 |/2
(mVis)

230 Scan rate - 10mV/S _I__
1
0.0 0 0.2 3 0.4
Potential(V) vs Hg/HgO
=
2000k D) M
1800F
_—
Lo
&= 1600F
N’
@) :
Pearson's r 0.9946
1400 L Adj. R-Squa 0.98503
Value
cdi Tntercept | 1048.679
n Slope 979.4121
o 9 | 20 mvis I
1 1 1 1 1
0.2 CE 1.0
(mV/s)

Fig. 6 Electrochemical dynamics of the NigsCogsS electrode; (a) the graph of log (peak current) vs. log (scan rate) at two different sweep rate
parts, (b) the power law graph, (c) the capacitive and diffusive contribution at various sweep rates, (d) assessment of specific capacitance contri-

bution at 10 mV s7%, and (e and f) the Trasatti graph at various sweep rates.

To enhance understanding, eqn (10) was modified as
follows:

i
=tk

e (11)

In eqn (11), ko and kpw'? are the current contributions
from the surface capacitive and diffusion-controlled intercala-

This journal is © The Royal Society of Chemistry 2024

tion processes, respectively. Therefore, by determining k; and
k, from the slope and intercept of the y-axis from linear
regression, we are able to measure their contribution to the
current density at the fixed specific potential.®*

The usual curve {(V)/v"* vs. v"/?} in Fig. 6c represents the
contribution of surface-mediated capacitance and diffusion-

controlled intercalation processes at different scan rates.
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Specific contribution at a 10 mV s~ scan rate is shown in
Fig. 6d. Surface capacitance or electrosorption was found to
contribute 46.0%, whereas diffusion-controlled intercalation
contributed around 54.0%. The amount of charge stored in
the outer and inner surfaces was also determined using the
Trasatti plot. The total specific capacitance of the electrode,
according to Trassati, is influenced by both the inner and
outer surface capacitances. This can be expressed as:

CTotal = Cin + Cout (12)

The charge storage mechanism depends on the scan rate
used in the study of CV. The y-intercept in Fig. 6e represents
the capacitance, which indicates the overall charge storage
capacity of the electrode. This is determined by plotting the
linear fit of C' vs. »"* at different scan rates. The outer
surface capacitance or charge storage of the electrode is rep-
resented by the y-intercept in Fig. 6f, which illustrates the
linear fit of C vs. v Ciy’s measured value was 1337.5 F g7,
accounting for 56% of the overall capacitance value. Similarly,
Cout Was estimated to be 1049 F g’l, representing 44% of the
overall capacitance value. The total capacitance value (Ciotal)
was determined to be 2386.5 F g~'. This confirms that the
charge storage or capacitance of the Niy 5Co, 5S electrodes is a
combination of redox-mediated diffusion-controlled intercalat-
ing process and surface absorption processes.

To better understand the electrochemical characteristics of
charge storage of the Niy5Co05S electrode, galvanostatic
charge-discharge (GCD) studies in 4 M KOH aqueous electro-
lytes were performed. The electrode’s specific capacitance can
be determined by analysing the charge-discharge curve using
eqn (13).”"*

IAt

Cop = mav (13)

The calculation of the electrode’s specific capacity in mA h
g~ ! requires the modification of eqn (13) as follows:

IAt

—1 o .
C(mAhg™) = CpAV/3.6 = X3

(14)
where Cg, is the specific capacitance in F g~', potential
window in the charge-discharge measurement AV (V), dis-
charge current density I (A), discharge time At (s), and m is the
loading mass of the active material in the electrode (g).

Fig. 7a displays the galvanostatic specific capacity/capaci-
tances corresponding to 1, 2, 3, 5, and 10 A g_l current den-
sities, measured as 267, 221.3, 191.2, 155.8, and 95.5 mA h g_1
(1920, 1593.4, 1376.6, 1121.7, 687.6 F g~'), respectively. The
GCD, as mentioned above, showed that as the current density
increases, the specific capacitance gradually decreases. The
stability of the electrode is shown in Fig. 7b (capacitance value
vs. cycle number at different current densities). The Niy 5C0¢.5S
electrode’s long-term cycling stability at 10 A g~* for 10 000
cycles is shown in Fig. 7c resulting in 84.0% capacity retention.
The electrode’s specific capacitance did not vary significantly
from its initial capacitance after 10 000 cycles. After continu-
ous charge/discharge of 10 000 cycles, the electrode’s coulom-
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bic efficiency (5 = %" was 92.2%, demonstrating the outstand-
ing reversibility of the Ni, 5Co, 5S electrode. The comparison of
galvanostatic specific capacitance in mA h ¢™* at 1, 2, and 4 M
KOH concentrations is shown in Fig. 7d. At a current density
of 1 A g7, the electrode demonstrates a higher specific capaci-
tance in 4 M KOH electrolyte (with an extended discharge
time) compared to 1 and 2 M KOH electrolytes. From the GCD
experiment, the charge storage capacity (more realistic and
applicable capacitance) of the electrode was measured using
eqn (13) and (14), which are 214.8, 243.8, and 267 mA h g~
(1547, 1756, and 1920 F g~') for concentrations of 1, 2, and 4
M KOH electrolyte, respectively. The comparative specific
capacitance observations confirmed an increase in specific
capacitance value from 1 M to 4 M KOH concentration, which
is similar to the findings of the CV results.

The electrochemical impendence spectra (EIS) were studied
(before and after 10 000 repeated charge-discharge cycles) to
evaluate the electrode kinetics and interface resistance at an
open circuit potential in the frequency range of 100 kHz to 0.1
Hz. The impedance characteristic as a function of frequency is
depicted in the Nyquist plot (Fig. 7e). This plot can be divided
into two distinct sections. Firstly, there is a depressed arc
observed in the high-frequency region, corresponding to the
faradaic responses. Secondly, a straight line is observed in the
low-frequency region, indicating a rapid OH™ ion diffusion-
controlled process. Furthermore, the impedance contribution
was ascribed to the impedance distributions across internal
series resistance (R;), charge transfer resistance (R.), and
Warburg impedance (Ry,). The internal series resistance (Ry) is
represented by the point at which the curve intersects the real
axis in the high-frequency region, which includes the resis-
tance of the active material, electrolyte, and connected wires at
the electrode-electrolyte interface. The Nig5C0,5S electrode
has Rs and R values of 1.01 and 0.72, respectively. The lower-
frequency data provide insights into the Warburg diffusion re-
sistance shown by the Ni, 5Co, 5S electrode.’® Based on the EIS
spectra, the Niy 5Co0.5S electrode shows good electrochemical
stability after 10 000 consecutive charge-discharge cycles com-
pared to the initial. The phase angle of the electrode concern-
ing the applied frequency is seen in Fig. 7f of the Bode plot.
The Ni,5C005S electrode’s phase angles were 52.2° at the
beginning and 45.48° at the end of 10 000 cycles, respectively.
The confirmation of the pseudocapacitive charge storage
capacity of the Ni; 5Co 5S electrode is shown by observing a
reduced phase angle (about 50°), consistent with the findings
depicted in the Nyquist plot.»** After 10 000 charge-discharge
cycles, the active electrode material of Nij 5Co, 5S was extracted
from the electrode and examined by powder XPS, Raman spec-
troscopy, and XRD to further investigate the long-term struc-
tural stability of the NiysCo45S electrode during electro-
chemical testing. The inset in Fig. S1ct shows the Raman spec-
trum of the Nij5C0,5S electrode after a continuous charge-
discharge experiment. It shows peaks at 150.6, 394.5, 467, 513
and 635 cm™' which can be indexed to the Raman-active
vibrational peaks of the Ni, 5Co, 5S sample, which correspond
to the typical phonon modes F,z, Eg, Ty, and Ay, respectively.

This journal is © The Royal Society of Chemistry 2024
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constant current rates, (c) coulombic efficiency and capacitance retention of the NipsCog sS electrode, (d) the comparison of GCD at concentrations
of 1, 2, and 4 M KOH, (e and f) Impedance spectra for the Nig sCog sS electrode are shown in the Nyquist and Bode plot at 10 mV between 100 kHz

to 0.1 Hz.

The two Ay modes (150.6 and 635 cm™") can be attributed to
the stretching of the S atom in the S-M-S (M = Ni & Co) bond.
The XPS spectra shown in ESI Fig. S3t reflect the electro-
chemical processes and the reversible conversion of the
elemental states of Ni and Co during charge and discharge,
contributing to higher capacitance. The binding energy is

This journal is © The Royal Society of Chemistry 2024

shifted to a lower value which can be attributed to the accumu-
lation of charge at the electrode surface which is often associ-
ated with the adsorption of species or the formation of an elec-
trical double layer. Fig. S41 shows the XRD spectra after con-
tinuous charge-discharge, indicating that the crystal structure
of the electrode has led to a very small deterioration in the per-
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formance after continuous charge-discharge experiments as
there is no change in the crystal structure of the electrode and
the crystal structure of the parent Ni,5Coq5S remains intact
even after 10 000 charge-discharge cycles.”*%°

The charge storage behaviour of Ni, 5Co, 5S electrodes was
also investigated in a neutral 0.5 M Na,SO, electrolyte. ESI
Fig. S5at shows well-separated redox peaks in the CV curve at
various scan speeds (+0.64/+0.52 V at 1 mV s~ scan rate). For
the Niy 5Cog 5S electrode in 0.5 M Na,SO, electrolyte, the calcu-
lated specific capacitance (which depends on the scan rate)
was found to be 414.4, 290, 207.5, 140, 95.6, and 82.8 F g~ for
the scan rates of 1, 5, 10, 40, 80, and 100 mV s~ ' respectively.
The quantitative GCD measurements findings are shown in
ESI Fig. S5b,T and values were found to be 57, 43, 33.3, 19.3,
and 9 mA h g™' (410.4, 309.6, 239.8, 138.9, and 64.8 F g™') at
the current density of 1, 2, 3, 5, and 10 A g~*, respectively.

Additionally, a comparative study compared the effects of
the anion on the electrolyte between 0.5 M Na,SO, and 4 M
KOH. The Ni, 5Cog 5S electrode’s comparative CV curve in 0.5
M Na,SO, and 4 M KOH electrolytes is shown in ESI Fig. S5c.f
There were observed shifts in the position of the redox peaks
while transitioning from an OH electrolyte to a Na,SO, electro-
lyte. Additionally, it was found that the redox peaks in 4 M
KOH were more dominant than those in 0.5 M Na,SOy; this
could be due to the size difference between the hydration radii
of sulfate ions (3.79 A) and hydroxyl ions (3 A). The larger size
of $0,>” results in slow kinetics in diffusion-controlled pro-
cesses resulting in lower charge storage in the neutral Na,SO,
electrolyte. Furthermore, the current response of the CV curve
may be attributed to the greater molar conductance of OH™
ions (198 cm® Q mol™") in the KOH electrolyte, as compared to
the conductivity of SO,*” ions (79.8 cm®’ Q mol™") in
Na,S0,.°”** GCD studies in 0.5 M Na,SO, and 4 M KOH elec-
trolytes were used to evaluate the electrode’s capacitance quan-
titatively. In 4 M KOH compared to the 0.5 M Na,SO, electro-
lyte, the electrode provides a greater specific capacitance value
(longer discharge time), as illustrated in ESI Fig. S5d.} These
investigations confirm the excellent electrode performance of
the electrode in aqueous KOH electrolyte.

Two electrode full cell test in asymmetric supercapacitor cell
(ASC) mode

To explore the real applicability of the Niy5Coy5S electrode,
the two-electrode full cell was fabricated in ASC mode in a 4 M
KOH electrolyte where AC was employed as a counter electrode.
The storage capacities of the positive and negative electrodes
must be balanced using eqn (15) to estimate the maximum
specific capacitance during the full-cell test.

1 1 1

= +
Ctotal Cpositive

(15)
Cnegative

To balance the cell’s capacity to store charges, eqn (16) was
used to calculate the mass ratio (m'/m"~) of the materials of an
individual electrode that make up the positive and negative
electrodes.
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mt  C_xAE_

i — 16
m- C+ X AE+ ( )

where C,, C_, m", m~, AE,, and AE_ are estimates of the
specific capacitance, mass loading on the electrode, and
potential window of positive and negative electrodes based on
measurements made with a single electrode.*"**

With a fixed scan rate (10 mV s~ '), separate CV curves for
Niy 5C00.5S (positive electrode) and AC (negative electrode) are
shown in Fig. 8a with a single operating potential window
range. In the ESI (Fig. S6 and S77), the electrochemical pro-
perties of the constructed AC electrode are shown using CV
and GCD. The specific capacitance of the AC electrode was
96.4mAhg ' (347 Fg ") at 1 A g~' from the GCD experiment
and 91.3 mA h g7 (328.5 F g7) at a scan rate of 1 mV s~ in
CV. Because AC is employed to improve the conductivity of the
active electrode, the contribution to capacitance caused by the
AC electrode is subtracted when determining the Niy 5Coq.5S
electrode’s electrochemical charge storage capacity. Thus, the
acquired data solely displays the Ni, 5C0,5S electrode’s capaci-
tive value. The calculated mass ratio (m+/m) for the asymmetric
cell was 1.0: 3.6, while the active material’s weight was found
to be 4.0 mg (activated carbon and PVDF weights excluded).

Two-electrode Niy 5C0¢ 5S/AC, asymmetric supercapacitor
cells (ASCs), are shown in Fig. 8b with their CV plots at scan
rates ranging from 1 to 100 mV s~ ' in the potential window 0
to 1.5 V. The GCD plot of the full cell at various current den-
sities is shown in Fig. 8c. At constant current densities of 1, 2,
3,5,and 10 A g, the specific capacitances of ASCs derived
from GCD curves were 254, 202.8, 173.8, 149.7, and 106.5 mA
h g™ (609.6, 487, 417, 359.3, and 255.6 F g™, respectively.
The EIS (Nyquist and Bode) plots at an open circuit potential
in the 100 kHz to 0.1 Hz frequency range are shown in Fig. 8d
and e, confirming the superior charge transfer, higher specific
capacitance, and excellent retention of the electronic structure
of the Niy 5C0oy 5S electrode//AC full cell in ASC mode.

However, a slight reduction in capacity is due to the par-
tially irreversible nature of the electrode, which was observed
during the cycling test. The EIS result supports the evidence
for cycling stability by displaying a slight variation in the cell’s
internal and charge transfer resistances before and after the
cycling test.

The Ni, 5C0q 5S electrode/AC full cell, as shown in Fig. 8f,
has exceptional long-term cycling stability, with 89.5% capacity
retention after 10 000 cycles. Furthermore, after 10 000 cycles,
the Niy5Co05S electrode/AC full cell’s coulombic efficiency
has decreased by merely 5% from its initial value.

Eqns (17) and (18) were utilized to calculate the power and
energy density of the ASC.

E
P(W kgfl) = E x 3600 (17)
Ldis
_ 1 Casc
EWhkg™!) = =222 Ap? 1
(Whkg™) =-—"=AV (18)

where AV is the operating voltage window, Cy, is the specific
capacitance, and tg4;5 is the discharge time. Fig. 8g compares
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Fig. 8 (a) Separate CV plots for the activated carbon and the Nip sCog sS electrode in a 4 M KOH electrolyte, (b) CV plots at various sweep rates; (c)
charging and discharging at various current densities, (d) Nyquist and (e) Bode diagram at the beginning of the cycle and after 10 000 cycles at
10 mV~? of the ASC full cell, (f) coulombic efficiency and capacitance retention, and (g) a Ragone plot comparing the Nig sCog 5S//AC full cell in the

ASC mode with established supercapacitor devices.
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Table 1 Compares the Nig5Cog sS electrode//AC (ASC) full-cell Ragone plot with known supercapacitor devices

Energy density Power density

Cycling stability (%)

Capacitance

Material Whkg™ (kw kg™ after “n” cycles (3 electrode system) Electrolyte solution Ref.
B-NisS 163 0.5 90.0%, 2500 1578 Fg tat1A g™ 2 M KOH 4
NiCo,S, hollow spheres 42.3 0.48 78.6%, 10 000 1036 Fg 'at1Ag™ 6 M KOH 60
Ni; 5C0;.5S,@CNTs 61.2 0.8 91.5% 10 000 210mAhgtat1Ag™ 2 M KOH 66
(C0p.5Nig.5)9Ss/N-C — — 83%, 100 723.7Ahgtat1Ag™ 1 M NaClO, in (PC + FEC) 70
mNig 3,C00 6552 37 0.8 66.0%, 1000 1698 Fg 'at2Ag™" 2 M KOH 71
NixCo;_,S@C-3 45.31 0.75 91.0%, 8000 709Cgtat1Ag™ 6 M KOH 73
C0g.5Nip 5C,04 283 0.82 90.7%, 2500 2396 Fg tat1Ag" 2 M KOH 91
Ni-Co-S, nanosheets 60 1.8 90.1%, 10 000 1285 Fg 'at 100 Ag™" 1 M KOH 97
Mn incorporated MoS, 48.8 5.0 77.0%, 5000 430 Fg'at5mvs! 0.5 M Na,SO, 98
CoS-AC//AC 44.2 0.4 77.5%, 2000 797.79 Fg tat 10 Ag™" K;Fe(CN)s + KOH 39
FeCo-A-S 46.1 8.0 79.3%, 10 000 2932.2Fg at1Ag™" 3 M KOH 99
3D NiCo,S, 38.64 1.33 72.7%, 10 000 2363.1Fgtat25Ag"" 6MKOH 100
nanostructure
Ni;S,/NF 2.93 0.38 81.25%, 6000 255.3mAhgtat3Ag™ 1MKOH 101
KNiPO, 200 0.82 92.3%, 2200 168.5mAhg at1Ag™" 2 M KOH 102
SnsS-SnS,@GO — — 69.8%, 100 450.6 mA hgtat0.1A 1 M Naclo, in (EC + DMC + 103
- MEC)
Niy.5C0_5S nano-chains 257 0.73 89.5%, 10 000 267 mA h g_1 at1A g_1 4 M KOH Present
work

the Ragone plot (energy density vs. power density) of the
Nip5C005S electrode/AC full-cell with those of previously
reported supercapacitors made of nickel, cobalt, and sulfur. At
1 A g7* current density, the ASC’s results demonstrated a sig-
nificant power density of 0.73 kW kg™, and the highest energy
density of 257.0 W h kg™'. When the current density was
increased to 10 A g7*, the energy density decreased to 108.0 W
h kg™, yielding a maximum power density of 7.20 kW kg™
For comparison, the specific capacitance, capacity retention,
energy density, and power density of different sulfide-based
electrodes for supercapacitor applications are presented in
Table 1 and it confirms that Ni, 5Coy5S nano-chains showed
superior or at least comparable electrode performances to
other sulfide based electrodes.

Conclusions

In summary, single-phase hexagonal Ni, 5C0,5S nano-chains
consisting of interconnected nano-spheres were synthesized
using a simple H,S-mediated heterogeneous two-phase (gas
diffusion in liquid) precipitation route in an aqueous medium.
Niy.5C00.5S nano-chains developed in a single phase due to the
controlled precipitation of the solid phase caused by the slow
diffusion of H,S gas into the liquid phase. The XRD pattern
confirmed the single-phase hexagonal Ni, 5Co, 5S nano-crystal-
line material, and the average crystallite size, as determined by
the Debye-Scherrer equation, was around 21 nm. The nano-
chain structure may provide rapid electron transport inside the
material for a high/fast rate of electrochemical charge storage/
capacitance of the materials. Having a specific capacitance
between —0.05 and 0.45 V of 2001.6 F g " at 1 mV s~ ' in CV
and 267 mA h g™ (1920 F g ") at 1 A g~" in the GCD experi-
ment, the Niy;C0,5S electrode demonstrated an excellent
pseudocapacitive charge storage performance. Furthermore,
the surface (outer) and intercalative (inner) charges stored by
the Niy 5C0, 5S electrodes were 46.0%, and 54.0%, respectively.

5448 | Dalton Trans., 2024, 53, 5435-5452

This suggests that a predominant redox-mediated diffusion-
controlled pseudocapacitive mechanism in combination with
surface capacitance (electrosorption) is the cause of the
materials’ high charge storage capacity. An optimal energy
density of 257.0 W h kg™ and a power density of 0.73 kW kg™
were attained by the NiysCoo5S/AC full cell in the 1.5 V
voltage window with a 4 M KOH electrolyte at a current rate of
1 A g7'. The study suggests that the capacitance value and
charge storage characteristics are better or on par with most
previously reported transition-metal sulfide nanostructured
pseudocapacitors and supercapacitors. These findings demon-
strate the potential of Nij5C0,5S nano-chains as a pseudo-
capacitive electrode for large-scale energy storage applications.
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