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ABSTARCT

In this paper, we report the synthesis of spineC&84 nanoparticles (NPs) via a one-step
hydrothermal method using two kinds of sulfur pmsow’'s thioacetamide-TAA and thiourea-
TU separately. The X-ray powder diffraction (XRD)adysis of both samples revealed a
cubic phase of spinel Cug®, crystal structure with Fth space group. The spherical (19-20
nm) and hexagonal (17-19 nm) shaped NPs were dda$eby transmission electron
microscope (TEM) images. Ndsorption-desorption results showed the highaserfrea of
TAA-CuCo,S; (91.03 mig?) than TU-CuCeS, (59.82nfg?). XPS spectra exhibited the
coexistence of Cii and Cd" valence states of spinel cubic CuSp Electrochemical
measurements showed that the TAA based G foam electrode has high specific
capacity (1885 C§523 mA h @ at a current density of 2 Agbout 5.4 times higher than
thiourea based electrodes), ultrahigh capacityntiete of 98% after 6000 GCD cycles at high
current density of 10 Ajand excellent energy density of 41.89 providech vét power
density of 318.31W K§ These results suggest that TAA assisted electraterial is suitable

for improving electrochemical performance of supgeacitors.
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1. Introduction

With expedite devastation of fossil fuels and pgesting environmental pollution
there is an imperative need for topical technoledend with energy conversation and
storage as well as clean, reversible, efficient sustainable sources of energy [1]. Among
various energy storage devices Rechargeable Syeeitars(SCs) posses a high power
density, long cycle life, high specific capacitaneery fast charging and discharging ability,
and being cost-effective, environmentally frienalic,. Owing to the above temperament,
supercapacitors are pretend as a propitious caeditl@nergy storage and conversion [2-4].
Supercapacitors shows an extensive pertinence ilitaryj transportation, consumer
electronics, hybrid electrical vehicles, mobile couonications, portable media players, back-
up power supplies, pace makers and industrial machi[2,5,6]. Hinge on, the charge
storage execution supercapacitors are graded wuadype’s electrostatic or electric double
layer capacitor [EDLC] and faradaic supercapag¢fk&®] or pseudocapacitor.

In EDLC the electrode material is electrochemicatiactive and the charges are
physically accumulated between electrode and elgttr interface. Hence, they provide a
very low specific capacitance because the accesatilve surface area decides the amount
of charge to be stored. In Pseudocapacitor thdretke material is electrochemically active
and the charges are stored by means of reversitdddic reaction. Pseudocapacitor provides
larger capacitance and energy density compare®tdCEbut still suffers from a low power
density [1,2,7]. For the most part, supercapactioattels are swayed by framework of
electrode material like specific surface area, psize, pore distribution, electro active
material, electrolyte and congregation technologyp][ Forthwith, electrode materials are
studied in the view to recuperate the electrochahparsuance for the extant materials and
reinforcement of unfamiliar high performance eled& materials [2, 3].

Metal oxides/sulfides gathered tremendous attenitiosuper capacitive electrodes
due to its environmental affability, reasonabletcsd high theoretical capacity. However,
the experimental results do not provide satisfgcpmrformance for practical applications.
Therefore, countless works are concerned on bgldfrelectrode materials that posse a high
specific capacitance. This leads to develop a d¢mpawith a high energy density that
sustains a good scale capability under high chardischarge current densities. Yet, there is
a decrease in specific capacitance when currersitgencreases due to the inappropriateness
of electrolyte to the integral electrochemical aetmaterials at the high current density, this
also leads to the low areal specific capacitancectwhn turn forbids the practical

applications. In order to overcome the above isseésctrode materials must meet the
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following need, (i) rich redox reactions, which caxanifest a high specific capacitance; (ii)
high electrical conductivity which promotes fastaton transport; (iii) mesoporous and non
destructive structure which provides a large amodiaictive sites for faradic redox reactions,
fast ion diffusion and shorten the diffusion distarof electrolytes; (iv) binder free and non
additives[8,9].

In the past decades, transition metal oxides/hydesx (such as Ruy® MnzOy,,
C0304, NiO/Co (OH), NiOH, NiFe double hydroxides [10,11]),carbondxhsnaterials (such
as nanotubes, graphene, porous carbon etc. [10,42¢) conducting polymers and their
derivatives (such as polypyrrole, polyaniline, [dt2]) are more commonly on board to
fabricate pseudocapacitors. In the case of tramsitnetal oxides/hydroxides though they
posses a high specific capacitance and good steutbéxibility yet, still they suffer from low
electron conductivity andthis could inhibit thenorfr participating in commercial energy
storage devices [13]. But, transition metal subigeovide a high electrical conductivity, low
cost, very high theoretical capacitance and lowaardbgap energy compared to transition
metal oxides. Relate to binary transition metatiges (such as NiS, CoS, CH3oS;, MnS,
ZnS, CuS, etc.[11,14]), ternary transition metdfides (such as NiG&,, CuCagS,, etc
[13,15]) are mostly focused by researches duestexitellent electrochemical activity, higher
specific capacitance gained by the participatiomattiple cations during the surface redox
reactions [11,12,13]. The lower electro negatiwtyulfur than oxygen permits more flexible
structure to protect weakening of structure throwbngation between the layers and
facilitates high electron transport potency in geicture. For the above reasons, transition
metal sulfides attracted huge research attentiora ggomising electrode material for
supercapacitors and Li-ion batteries [13, 15].

Thiospinels are spinel crystal structure commoulgped by transition metal sulfides
and posses a classic formula M8, where M and M” are ordinarily divalent and trisaid
metal cations. Single metal system are most comynambwn thiospinels (M=M") such as,
Co3Sy, NisSy and FgSy In CosSs,some of the cobalt metalare exchanged with coppetal
thatbring about a solid solution, conclusively famgthe product CuG&, CuCoS, is a
mineral carrollite, with a normal spinel structuire which Cu occupying the tetrahedral sites
and Co occupying the octahedral sites [16,17]. fexently, CuCgs, brand new ternary
metal sulfide is utilized in fabrication of eleati® material for application in energy storage
device. Researchers have employed diverse teclmiqgiee the preparation of
CuCaSynanoparticles such as microwave [18], hydrothef@al, 19], one- step sulphidation

[20], solvothermal [21], oil bath [7], etc., In thpresent work, “hydrothermal method” was
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carried out for the synthesis of CuSgnanoparticles. Advantages of adopting hydrothermal
method are, it provides pure homogenous and wefledlsed nanoparticles Owing to the fact
that concurrent supply of high pressure and graemhperature to the mechanism operation
of autoclave used in this technique. Moreover, thethod provides control over parameters
like time and the revolution per minute (rpm) oimrstg this helps in achieving nanoparticles
of desired shape and size [22,23].

Based on the above consideration, to the bestrotmawledge for the very first time,
we have fabricated CuG®&electrodes using two diverse sulfur sources andpeoed their
electrochemical performance in a fruitful way. Tdmobtained CuG8,faradaic electrodes
exhibits a significantly enhanced specific capaaify348.86 C gand 1885.49 C ‘or
thiourea and thioacetamide sulfur sources respaygtiand fine cyclic stability over 3000
cycles for thiourea based electrodes and 6000 £yatethioacetamide based electrodes. The
above features authenticates that the as-prepar€d,§, faradaic electrodes are favourable
for battery-type energy storage applications.

2. Experimental section

2.1. Materials

All Chemicals [Copper nitrate hexahydrate (Cu gy6H,0), Cobalt nitrate hexahydrate (Co
(NO3)26H,0), Thiourea (SC(NHL),), Thioacetamide(&HsNS) and ethanol] are purchased
from Merk with analytical grade and are used withaay further purification. Deionized
(DI) water is utilized throughout the process.

2.2. Synthesis of CuCgs, Nanopatrticles.

A facile One step hydrothermal method is adopted pi@paring spinel CuG8,
nanoparticles with Thiourea (SC (MK [2] and Thioacetamide ¢EisNS) [13] sulfur
sources discretely. In this archetypal procedutearaambient temperature 0.2mmol Cu
(NO3)26H,0 [6] and 0.4mmol Co (N§),6H,0 [6] got dissolved in 40ml deionized water by
constant stirring for 30 minutes using a magnetic lgr until a homogenous solution is
achieved. Then, 0.8mmol SC (Mkl(sulfur source) got dissolved in 40 ml ethanol \(sat)
and was added to the above concoction in a drop wmianner. The ending solution was
transferred into a Teflon-lined stainless autoclauwbsequent to 2 hours of stirring. The
autoclave is sealed and heated to 160° for 12 hibers allowed to cool down naturally to
room temperature. The obtained black precipitate walated via centrifugation (Hamilton
Bell v6500 Vanguard centrifuge, 3000 RPM for 10 at@s) subsequently, rinsed thoroughly
with deionized water and ethanol by a number oksino eradicate the residuals and was

dried in a vacuum oven at 100°C for 7 hours to iobtuCaS, nanoparticles (named as TU-
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CuCaSy).For comparison purposes, another Cifgproduct was also synthesized (named
as TAA-CuC@Sy) under similar conditions usingEsNS as sulfur source.
2.3. Structural, Morphological and Elemental charaterization
The X-ray diffraction pattern of powder samples evdaken by Philips XPERT-PRO
diffractometer with graphite-monochromator using &u radiation atA= 1.5418 A, to
identify the crystallographic nature and grain sizlethe synthesized products. TEM-
Transmission electron microscope images with eneliggersive spectra (EDS) and their
corresponding selected area electron diffractiohE([3) patterns were investigated through
JEM-2100 (JEOL, JAPAN). XPS analyses were carrietl @an a KRATOS analytical
spectrometer. The nitrogen adsorption-desorptiochrigues were performed using a
BETSORP MAX (Microtrac BEL, Japan) to examine thefgce area and porous nature of
the sample.
2.4. Electrochemical Measurements
Electrode Preparation

Electrochemical measurements of Cuy&owere carried out to recognize redox
properties using CHI 660E electrochemical workstatiAll electrochemical parameters
probed through a three electrode system with 2M KagHeous electrolyte solution at room
temperature, sample loaded nickel foam as workiegi®de (WE), platinum as the counter
electrode and Ag/AgCl as reference electrode. Thekiwg electrode was constructed by
mixing the as-prepared sample, conductive carbackbland PVDF (Polyvinylidene
Fluoride) at the mass ratio 80:15:5 followed byugtable amount of NMP (N-Methyl-2-
pyrolidone) and grinded to form a homogenous sluFhe ensuing slurry was crusted on the
nickel foam (1x1 crf) and dried in oven under vacuum condition for 5scat 80°C to get
working electrode. The mass loading of electrodéAmas tuned around 1.94mg/tfar TU-
CuCaS; and 1.81mg/cifor TAA-CuCo,S,. Electrochemical impedance spectroscopy was
also executed at this work station operated ihafrequency range of 100 KHz to 0.01Hz. A
potential window in the range of 0.0 to 0.6 V wased throughout all electrochemical
measurements
3. Results and Discussion

Nowadays, several research groups employ Gadwnostructure for supercapacitor
application. Among them, Wiltrout A. M. et al., leprepared CuG8, nanoparticles by
solution route based on two step process [17]. Blofad et al., reported a two-step solution

based hydrothermal route for the synthesis of hsereal CuCgS, nanostructures [24].



It is clear that all above mentioned synthesis wddthrequired an elaborate process under
hydrothermal condition this results in a time canswg and highly-priced for preparation of
CuCaSynanostructures. In order to overcome the above issthis work, we have designed
a simple one-step hydrothermal route method via excthange reactions. This includes
cation and anion exchange reactions and it is densil as an effective and low-cost method
for chemical transformation of nanomaterials. Owrkvis followed by the anion-exchange
reactions betweensand OHin hydrothermal environment. Hydrolyzation of thiea is
believed as the core mechanism which results inerg¢ion of alkaline environment
(ammonia formation) and sulfide ions. The?Cand C4" in the solution are co-precipitated
to form Cu- Co hydroxides under the alkaline meditiifme as precipitated hydroxides will be
further converted to CuG8, by reacting with $ via an ion- exchange process. The overall
strategy is a combination of co-precipitation antlidation process into a single-step method
making it a low-cost and time saving synthesis [25]

3.1. XRD Analysis

X-ray diffractogram of TU- CuCss, (Fig.(1a)) firmly established a high intense and
well crystallized narrow diffraction peaks positezhat 2= 26.6°,31.3°,38°,50° and 54.9°
while TAA-CuCaS4 (Fig.(1b)) mainly exhibit a low intense broad daiftion peaks situated
at d = 26.4°,31.3°,37.9°,49.9° and 54.7°. Both of thevadlues showed the characteristic
reflections of the cubic phase correspondingt@ @, (1 13), (004), (21 15)and (0 4 4)
planes of carrollite-type CuG®, [21] (JCPDS card no. 42-1450) with JAd space group
[26]. The lattice constant of TAA-CuG&; NPs is calculated as 9.543 A° [26] which seems to
be slightly higher than the lattice constant val@e472 A°) of TU-CuCg5s.The non-
existence of peaks from other crystallized phageifsed the single phase Cu& with high
purity. The crystallite size (D) was estimated frima Scherrer formula

D = KA/Bcos6 (1)

Where, K is scherrer constant (commonly taken 89)Q. is the wavelength of the
incident X- ray source (Cud<0.15418 nm)p is the full width at half maximum artdis the
Braggs angle [27,28,22]. Rely on Debye-scherremstda, the average grain size was found
to be 20.39, 18.42 nm for TU-CugR, TAA-CuCaS, samples.

3.2. Morphological Analysis

TEM micrographs of TU-CuG&,; and TAA-CuCgS, is shown in Fig.2 (a, b) and
Fig.3 (a, b) respectively. TU-Cug®, indicated randomly orientated spherical like
nanoparticles with a thick surface while TAA-CuSpexhibited approximately uniform
hexagonal shaped nanoparticles. The average dianfet@uniform spherical nanoparticles

6



was found to be 19 to 20 nm and hexagonal nancfestare in the size range of 17 to19 nm
which is in accord with grain size evaluated fro/RIX As shown in Fig.2 (c), Fig.3 (c), the
HRTEM images of TU-CuCs&, and TAA-CuCeS, clearly displayed (1 1 3), (1 1 1) planes
of cubic CuCeS, that corresponds to lattice fringes with d-spacirgue 0.28nm and
0.54nm.The equivalent well-ordered dark and lighffratting rings in Selected Area
Electron Diffraction Patterns (SAED) of TU-Cu&sj (Fig.2d) and TAA-CuCgs, (Fig.3d)
represent its polycrystalline characteristics. ¥@on in morphologies may be attributed to
sulfur precursor of different origin. The presermfeCu, Co, S elements existed in the
representative samples were confirmed EDS specfrign (2e), Fig. (3e)). Furthermore,
XPS characterization will be an authentication ierifying the purity of the prepared
CuCaoS.
3.3. XPS Measurements

X-Ray Photoelectron Spectroscopy (XPS) was concénleslighten about chemical
states and surface elemental composition of GBGmnoparticles.The typical XPS spectrum
of TAA-CuCao,S, given in Fig.4 (a) unveiled the presence of Cu, @ogd S elements.
Manifestly, Cu 2p, Co 2p and S1s peaks are emearged

In the XPS analysis, binding energy (BE) referegamethod is commonly performed
with C 1s peak of adventitious carbon (AdC) to deiee the chemical-state of specimens.
Recent survey on XPS literature shows C 1s peaR) (@sition varied over a large range
from 284.08 to 286.74 eV reliant on the substra®&30,31,32]. This situation is tackled by
the consistent measurements and correlatignt+Epsa= constant (independent of material
system used) suggested by Greczynski and Hultm&32B It indicates invariant binding
energy of the C1s peak in respect of the vacuuel.lev

The ultraviolet photoelectron spectroscopy (UPSg¢ngployed to obtain the sample
work function (WF) directly from the secondary dtea cut-off using Helium lamp (attached
to the XPS source) which provides the He | radratath low energy of 21.2 eV and setting
the C 1s peak of adventitious carbon at 28@5§8Hence, the binding energy of Cls peak of
AdC is set at 285.38 eV and all other core-levedsafigned accordingly.

Fig.4(b)involved Cu2p spectrum with two narrow peand two shake up satellite
peaks. It showed the binding energies of Cshb2Zmd Cu 2p,peaks at 933.3eV and 954.5eV,
corresponding to the distinctive values of *Cualence state with two satellite peaks
(indicated as ‘sat’) at 943.2eV and 962.1eV [7].



As shown in Fig.4(c), the high resolution XPS speut of Co element comprised
four peaks. Amid them, two strong peaks at 782.GeW 796.6eV could be attributed to the
existence of C8, while the other two weak peaks at 778.9eV and89&ould be ascribed
to Cd*, which indicated the coexistence of ¥and C4&" in the sample with spin-orbit
splitting value AE=15 eV) [33]. There might also exist a shakeupelkt peak at
803.1eV.This in turn provides abundant active dibe€nergy storage [15,3].

Fig.4 (d) labelled the XPS spectrum of S energyoregTwo peaks at 161.3eV and
162.4eV were ascribed to gpand 2pcore level of Sand the third peak at 169.3eV
represented low coordination of sulphur ion ¢80at the surface in CuG®[34,35].The
presence of Sfacknowledged that sulfur species on the sampletface was partly
oxidized in air. According to the results of XPSabsis, the near surface of the sample
contained C8, Co®*, CU" and $ [3,15]. These results are reliable with XRD andXED

analysis as mentioned above.

3.4. N adsorption-desorption Analysis

Brunauer, Emmet, and Teller (BET) analysis of tw@Gi5, samples (Fig.5 (a, b))
provide surface area evaluation based on nitrogdtilayer adsorption/desorption isotherms
as a function of relative pressure. Consistentlih kamsorption/desorption curves showed a
distinct Type IV isotherm with a characteristic teresis loop (£) which can be associated
with a mesoporous (IUPUC, 2 nm<pore width <50 ntn)ctures [2, 36]. In addition to their
analogous BJH analysis inset of Fig.5 (a,b), erelthie dubiety of mesoporous structure of
the samples and their uniform pore size distrim#icurves are virtually confined in the
optimal range of 2-5nm, which is examined as a@alighore size range for electrochemical
energy storage devices [15]. The obtained spesifitace area of TAA-CuG8,(91.03 nig
1) is higher than TU-CuG&, (59.82 mig™). Relatively, the mesoporous material with higher
specific surface area contributes rich electrovacsites for faradic redox reactions and short
diffusion paths to promote rapid electrolyte pestdn, electrons transfer [37,19,
36,37].which results in ultra high rate capabilisgperior energy and power densities.[40]
The above features such as surface area and parestgirs are reported as an aid in the

advancement of electrochemical performance [41,42].



3.5. Electrochemical Properties
3.5.1. CV Analysis.

The cyclic voltammograms of TU-Cug®y and TAA-CuCeSsnanoparticleswith
various scan rates 2% 25, 50 and 100mVss displayed in Fig.6 (a) and Fig.7 (a).

Both CV curves depicted a quasi-rectangular shéipeevealed that the modified
CuCaS, electrode has a novel battery type storage behavie. coexistence of EDLC and
battery like capacitive nature) originating frone tfaradaic process [43]. The obtained redox
peaks are results of faradaic reactions uporf'/Co®* associated with OH anions.
Furthermore, the relative intensified current reseowith increase in scan rate authenticates
the speedy intercalation of electrons or ions witthie electrode surface [7, 43]. The area
under CV curve played a predominant role in definthe specific capacity of modified
CuCaS; electrodes. The area of CV curves (at scan raten®/5s?) of representative
electrodes is portrayed in Fig.6 (b) and Fig.7 (BAA-CuCao,S, revealed a larger area
compared to TU-CuG&.. It is noticeable that the larger the area undercurve, the larger
the specific capacity of the electrode materiak ttan be further authenticated by resultant
charge, discharge curves [19, 44].Furthermore, tduthe over-potential and polarization
effect of the electrode, the CV curves get slowiyfted from its quasi-rectangular shape
during the linear increment in scan rate from 50@6mVs[45].

3.5.2. Chronopotentiometric Analysis

In order to justify the characteristics of faradan-capacitive electrode behaviour, the
glavanostatic charge/discharge analysis were expeted. Fig.6(c) and Fig.7(c) illustrated
the corresponding GCD curves of TU-CuySpand TAA-CuCagS, electrodes carried out at
different current density from 2, 4, 6, 10 AgBoth electrodes exhibit a non linear
charge/discharge curves, which comments as a dhasdic of battery-type materials [7]. In
other words, a rectangular CV with a triangular G@Dthe essential EDLC behaviour.
Aberration from the regular EDLC behaviour confidrt@at the non linear charge/discharge
curves were the upshot of diffusion controlled psxcviz the diffusion of the ions deep into
the bulk electrode material. Owing to this facte thnergy storage mechanism is non-
capacitive in nature. Hence, the amount of chatgeed is approximately expressed in
specific capacity (Cgor mAhg?) rather than specific capacitance (gtaking this into
consideration the specific capacitys\®alues C¢f of faradic non-capacitive type electrodes
with a non linear charge/discharge curves are astidusing the equation (2) [43].



In order to compare the amount of charge storel thig previous literature, we have
also calculated specific capacitance (B gising the formula (2a).This is employed for

comparative purpose only.

1000 *i*t
Cs = 3600 * m (2)
B [ At )

Where, i = current applied in ampere (A), t = dege time in seconds (s), m= mass of the
active material in gram (g\V is operating voltage (V).

From non-linear charge/discharge curves, the gpecHpacity of modified TU-
CuCaS;and TAA-CuCeS,electrodes at a current density of 2Ad Ag* 6 Ag™ 10 A
g *was computed as 348.86 C(§6.90 m A h §; 242.26 F ), 251.25 C g*(59.79 m A
hg™; 149.48 F ), 122.47C ¢ (34.02mAhg'; 85.05F ), 74.22 C § (2061 mAh
g'; 5154 F ¢) and 1885.49 C{(523.75 m A h §; 1309.39 F d), 1805.96 C ¢
(501.65m A h@; 1254.14 F g), 1515.58 C §(420.99 m A h §; 1052.48 F g), 1451.93 C
g (403.31 m A h §; 1008.28 F @). The specific capacity of TAA-CuG8;is found to be
approximately 5.4 fold higher than the specifica@fy of TU-CuCg@S,.The plot of current
density Vs specific capacity (Fig.8) clearly indes the decrease of specific capacity with
the increase of current density. The inadequateation of electro — active material [45],
controlled diffusion, existence of inner activeesitand transfer of OHion in the
electrolyte[46] and the effect of increment of aglé drop [45] factors are highly concerned
in redox reaction at high current densities, theg scompetent to support the redox
transitions completely[46].The highest specific aafy is achieved by the high specific
surface area [42] this facilities the reversibleafmic reactions by providing more
electrochemical active sites and the porous namdsties of both TAA-CuC&, and TU-
CuCaSyserved as ion-buffering reservoirs that providecesint faradaic reactions for energy
storage by maintaining the sustenance of the elgtdrions [46]. The obtained specific
capacity values are found to be far superior coegan the previously reported values as
summarized in Table.1.
3.5.3. Cycleability test.
To evaluate the cyclic stability of both samplé®it corresponding electrodes are put into
continues charge/discharge cycles of 6000 cyclea high current density of 10A’gs
shown in Fig.9. Notably, TAA-CuG8, exhibits superior cyclic stability of complete ®0
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cycles while TU-CuCgb, disclose 3000 cycles only. TAA-Cug® electrode shows the
ultra-high capacitance retention of 98% after G®diccessive GCD cycles, while TU-
CuCo$S, electrode dropped at 82 % after 3000 GCD cycless Ewinced the complete
activation process of active material TAA-CySpover 6000 cycles. Since, structural
stability of the electrode material plays a vitakerin maintaining the cyclic stability [47] TU-
CuCaS,electrode expressed reduced cycles due to the effetteraggregated nanoparticles

which are not suitable for the long term redox tieas.

Practical applications of TAA-CuG8,and TU-CuCeS, mainly depend on energy and
power density that can be analyzed by Ragone Bigtl0). Therefore, the energy density
and power density are calculated from the GCD aufgedifferent current densities based

on the given equation (3) and equation (4) [48,49].

Energy density E = % CspAV? (3)
. E
Power density P = > 4)

Where, E is energy density (W h'RgP is power density (W kY, Cspis specific capacity (C
gl), AV is operating voltage (V) anttt is discharge time (s).

TAA-CuCo,S, offers a very high energy density of 41.89W h'kgith a suitable power
density of 318.31 W K3 Even at a high power density of 1591.51 Wkgstill maintains to
deliver an energy density of 32.26 (W h*gThese values are found to be slightly higher

than the previously reported energy and power tieralues by Yugiao Wang et al., [4].

3.5.4. EIS Analysis.

EIS measurements were carried out in determiningedance response of TAA-
CuCaSandTU-CuCeS, electrode materials in the frequency range 0.01HEOD kHz at an
open-circuit potential of amplitude 5mV. Nyquistopl(Fig.11) is utilized to explicate
electrochemical behaviour, rate capability etcis k& collection of two sections, a semicircle
in the high frequency range and a linear line ia libw frequency range. The intercept of
semicircle on the real axis relates to the intemesistance (§ and the diameter of the
semicircle illustrates the Charge transfer rest#diR;) of faradaic process [14]. It is clearly
evident that compare to TU-Cug& (1.12Q) electrode, TAA-CuCghb, (0.53Q) electrode
reveal a very low internal resistance)(Rurthermore, EIS curve of TAA-CuG®, electrode

reveals a smaller semicircle compare to TU-Gi8y@lectrode. In addition, TAA-CuGS8,
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shows more ideal vertical line compare to TU-Cpfzosuggesting efficient electrolyte and
good diffusion rate of protons [50].
4. Conclusion

In summary, a facile one step hydrothermal methad been implemented to
synthesize spinel Cu@®, nanoparticles using thiourea and thioacetamidéursgources.
XRD patterns revealed a formation of well-crystadliCuCgS, nanoparticles with cubic
spinel structure. TEM images showed hexagonal sbépanoparticles in the range 17 - 19
nm. XPS analysis acknowledged the co-existenceddf &d Cd* valence state in TAA-
CuCaS,. BET studies provided a high surface area of 9m@3* and an optimal pore size
distribution (2-5nm). The structural, morphologicahd electrochemical performance
suggests that thioacetamide assisted GRC('AA) nanoparticles are suitable material for
high performance (battery-type) supercapacitoriagpbns with excellent specific capacity
of 1885.49 C §/523.75 mA h g at a current density of 2 Agand also a superior capacity
retention of 98% even after 6000 GCD cycles atgh hiurrent density of 10Agendowed
with a high energy density of 41.89 W h'gith a suitable power density of 318.31(Wig
Our work plays an initiative role in designing atligpes of ternary metal sulfides as faradaic

electrode with high energy storage.
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Figure Captions

Fig.1. XRD Analysis.Comparison between X-ray diffractjpaiterns ofa) CuCaeS, using
thiourea(b) CuCaS, using thioacetamide.

Fig.2.TEM IMAGES.(a,b) TEM images of synthesized TU-CufSnanoparticles,
(c)HRTEM image of TU- CuCgb, (d)SAED patterns of TU- CuG8, and(e) EDAX
spectrum of TU- CuCs&..

Fig.3.TEM IMAGES.(a,b) TEM images of synthesized TAA-Cug® nanoparticles,
(c)HRTEM image of TAA- CuCg5, (d)SAED patterns of TAA- CuC&, ande) EDAX
spectrum of TAA- CuCsghb,

Fig.4. XPS ANALYSIS (a)A typical survey XPS spectrum, and high resoludt spectra
of (b) Cu(c) Co and(d) S elements of the as-prepared TAA-Cu&manoparticles.

Fig.5. N, sorption isotherms and Differential mesopore giz&ibutionAV/Ad plots (inset)
of (a) TU-CuCaS,;and(b) TAA-CuCo,Sy

Fig.6. Electrochemical characterization of TU-CySgomodified electrode(@) CV curves of
TU-CuCaS, at varying scan ratef)) area under the curve for a scan rate of 2.5m¥e

charge- discharge curves of TU-CuySsat dissimilar current densities

Fig.7. Electrochemical characterization of TAA-CuSpmodified electrodga) CV curves
of TAA- CuCo,S, at various scan ratey) area under the curve for a scan rate of 2.5mVs
(c) charge-discharge curves of TAA- CuSgat various current densities

Fig.8. Current density Vs specific capacity plot

Fig.9. Cyclic stability of the prepared Cugl) electrodes for 6000 cycles at high current
density of 10 A @

Fig.10Ragone Plot of the prepared TU-CuSHTAA-CuCo,S, samples
Fig.11.EIS plot of TU-CuCgS,; TAA-CuCao,S, electrodes.
Table Captions

Table.1. Comparison of specific capacity / specific cagawe for synthesized sample with

other reported electrode materials.
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Tablel

Electrode Synthesis Current Specific Number of Reference
Materials route Density Capacity/Specific cycles
Capacitance
CuCo,Sy Hydrothermal 2A g 1309.39 F g*; 6000 Thiswork
(TAA) method (523.75mAhg* (TAA-
) CuCoSy)
CuCo,S4 Hydrothermal 2 A g* 752 Fg*! 5000 [2]
method
CuCo,S, Hydrothermal 0.5A g* 442 Fg* 5000 [51]
method
CuCo,S, Hydrothermal 2A g* 90.6 mAhg* 5000 [19]
method
CuCo,S, Hydrothermal 1A g* 525Fg* 1000 [52]

method
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Highlights

7

¢ This paper reports the hydrothermal preparation of CuCo,S, nanoparticles using two
different sulfur sources

/7

% They provide a high specific capacity of 523mAhg™ at a current density of 2 A g* and
excellent cyclic stability.

/7

% They offer ahigh energy density of 41.89 W h kg™ at a power density of 318.31W kg™.
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