Journal of Energy Storage 34 (2021) 102200

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/est

Emergy

Store

Journal of Energy Storage

Check for

Extra-Durable Hybrid Supercapacitor Based on Cobalt Sulfide and Carbon  [%&s

(MWCNT) Matrix Electrodes

I. Rathinamala® ", 1. Manohara Babu ", J. Johnson William ¢, G. Muralidharan ¢,

N. Prithivikumaran ¢

& Department of Physics, V. V. Vanniaperumal College for Women (Autonomous), Virudhunagar, Tamilnadu, India

Y Department of Physics, V. S. B. Engineering College, Karur, Tamilnadu, India

¢ Department of Physics, The Gandhigram Rural Institute - Deemed to be University, Gandhigram-624302, Tamilnadu, India
4 Department of Physics, V.H.N. Senthikumara Nadar College (Autonomous), Virudhunagar, Tamilnadu, India

ARTICLE INFO ABSTRACT

Keywords:

Multi-walled carbon nanotube
cobalt sulfide

hybrid

nanosheets

supercapacitor

A novel energy storage gadget with instantaneous energy/power density is significant in current scenario due to
the rapid utilization of renewable energy sources. Also, the electrochemical property of the chosen electrodes
have chiefly dependent on the structure of the electrode materials. Keeping these aspects in mind, we have
devised to fabricate a hybrid supercapacitor (HSC) composed of a battery-type Faradic electrode (for energy
source) and non-Faradic electrode (for power source). The composite electrode material (CoSz/multi-walled
carbon nanotube (MWCNT)) prepared in the present study having unique nanostructure (composed of nano-
sheets and nanotubes) provides plenty of channels for ion mobilization and results in excellent electrochemical
performance. Moreover, the fabricated HSC (CoS2/MWCNT//polypropylene & KOH//MWCNT) could capable of
delivering an ultra-high specific energy of 8.16 W h kg ™! with a specific power of 696 W kg ! at a specific current
of 5A g’l. These positive features enriched with the prepared nanocomposite (CoS;/MWCNT) may be explored

as promising electrode material in next generation supercapacitors.

Introduction

Over the past decades, energy storage systems are the need of hour
due to its significant utilization by the consumers in their daily life that
includes portable electronic gadgets and electrified vehicles. And of
course, rapid consumption of conventional energy sources and world’s
population enhancement rate led to the initiative step for the develop-
ment of alternate energy source with nice qualities (low cost, highly
efficient and environment benign) [1-3]. Furthermore, it has prophesied
that the energy consumption by the human community has been
increased thrice by 2040. Certainly, supercapacitors (SCs) are the better
candidates that expected to produce sustainable electric power contin-
uously over the conventional energy systems [4].

SCs are the hot topic of the energy world that demonstrates its po-
tential by superior power capabilities, long cycle life and so on. Gener-
ally, SC is made up of two electrodes (say cathode and anode) which are
separated by electrolyte (whether it may be aqueous or organic) and
separator (for transfer of ions from the electrode). Further, it could be
classified into two major categories depending upon the charge storage
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mechanism. They are (i) electric double layer capacitor (EDLC, con-
ventional capacitor) and (ii) pseudocapacitor. Carbon-based electrodes
(graphene, carbon nanotubes, activated carbon, carbon derived from
natural source) [5-7] possess porous structure (mesopores, micropores
and macropores) that probably provides more active sites in the elec-
trode/electrolyte interfaces thereby enhances the electrochemical ac-
tivity. The reaction kinetics of the EDLC electrodes is limited by the
surface area which is accessible to the electrolyte ions. Transition metal
oxides/hydroxides/sulfides and conducting polymers [8-10] are served
as prominent electrodes in pseudocapacitors that utilizes fast Faradic
reversible reactions to harvest energy. But, low electronic conductivity
and poor cycle life (crystal shrinkage at long-term cycles) retards their
usefulness in commercialization.

Recently, transition metal sulfide family (NiSy, CoxSy, MnSy and
ViSy) has governed more attention among the research domain on ac-
count of their superior qualities such as multiple redox states, layered
structure, easy to synthesis in any anticipate architectures, high theo-
retical capacity and so on [11]. Unambiguously, CoxSy are the emerging
species have received considerable interest among the SC community
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owing to their salient features like high theoretical capacitance (almost
3000 F g_l), attractive crystal structures (CoS, CoSjy, Co3S4, Co4S3 and
CogSg), good physicochemical properties, low cost and eco-friendly
nature [12-15].

For instance, Amaresh and his research [16] team followed micro-
wave mediated synthesis for the preparation of CoS; nanoparticles and
study their applications in supercapacitors. An asymmetric super-
capacitor based on CogSg nanostructures were fabricated by Mao and his
labmates [17] and it could deliver a power density of 1.1 kW kg '.
However, poor electronic conductivity and mechanical instability in
Co,Sy regime hinders its practical usage as electrode in SC. This could be
resolved by a facile strategy, i.e hybrid supercapacitor, hybridization of
carbonaceous material with cobalt sulfide matrix. The hybridization
phenomenon united the advantages of both EDLC and pseudocapacitive
electrode. Moreover, it restricts the set-back evolved in SCs. Among the
carbon family, multi-walled carbon nanotubes has placed its footprints
as landmark in various applications due their excellent properties that
includes high electronic conductivity (10% S m™'), good chemical sta-
bility, porous network structure, large specific surface area (1500 m?
g’l) and so on [18]. For instance, randomly oriented multi-walled car-
bon nanotube [19] could deliver a specific capacitance of 135 F g’l. A
maximum specific capacitance of 180 F g~! was obtained by single
walled carbon nanotube electrodes with excellent cyclic performance
[20].

As a result, transition metal sulfide-carbon nanocomposite electrodes
are found to be the better choice for electrode materials in high per-
formance supercapacitors. They provide excellent electrochemical per-
formance and high electrical conductivity when compared with
transition metal based electrodes [21-23]. Nanoparticles anchored on
honeycomb like structured MnCo»S4 nanostructures were fabricated by
simple chemical bath approach and studied its potential for super-
capacitor applications [24]. Liu et al. [25] designed an asymmetric
supercapacitor utilizing nickel cobalt sulfide nanosheet arrays and
activated carbon as electrodes. The fabricated device exhibits high ca-
pacity, large energy density and extended cycle life. Chen and his
research team [26] fabricated high performance asymmetric super-
capacitor (NiCosS4 nanotubes//NGF//AC) and it could capable of
delivering an ultra-high energy density of 36 W hkg~!. Cheng et al [27]
synthesized Co3S4 hollow nanocages on intertwined polypyrrole tubes
and it shows outstanding electrochemical activity (1706 F g~! at a
current density of 1 A g~1) along with high rate capability (73.2 %
retention at 10 A g’l).

This aside, obviously, the mode synthetic approach to be handled
also decides the rational design (particle morphology) which facilitates
ion exchange in electrochemical process. Wide ranges of nanostructures
(nanoflakes, nanosheets, nanoflower, and nanodiscs) [28-30] with large
specific surface area have demonstrated their electrochemical properties
even at higher current rates. Due to the practical difficulties in the
synthesis part, the fabrication of cobalt sulfide matrix with unique ar-
chitecture still remains a challenge for the current research. In this
context, we have adopted ultra-fast microwave-oven irradiation method
to fabricate Co-S/C matrix with controlled reaction kinetics (very fast
manner) and porous architectures [31]. The structural, morphological
and electrochemical investigations have been presented briefly in next
sections. For the first time, a polypropylene (separator) based hybrid
supercapacitor was fabricated via layer over layer model.

Experimental Section
Chemicals

Cobalt nitrate hexahydrate (99%, SRL, India), multi-walled carbon
nanotubes (98 %, CDH, India), thiourea (99%, Merck, India), sodium
dodecyl sulfate (99%, SRL, India). The chemical used in the synthetic
process are of AR grade and used without further purification.

The synthesis process is of two stages:

Journal of Energy Storage 34 (2021) 102200

STAGE 1: Initially, equi-amount of cobalt nitrate hexahydrate and
thiourea were dissolved (using ultrasonicator for 10 min) in 30 mL triple
distilled water separately. The pinkish solution (cobalt-precursor) was
allowed to stir for 15 min using magnetic stirrer and the thiourea so-
lution was added to the precursor solution in drop-wise manner (10
drops/min). It was subjected to constant stirring (@ 300 rpm) for 30 min
under room temperature. Further, the anionic surfactant was prepared
in the meantime (10 mL in triple distilled water) and it was added to the
stirring solution at the rate of 5 drops/min. The resultant solution was
allowed to stir for 2 hrs in ambient temperature. Thus, obtained solution
was transferred into 100 mL pyrex container and placed inside the mi-
crowave. The solution was subjected to microwaves at a constant power
of 240 W for 10 min and allowed to cool for room temperature.

STAGE 2: The multi-walled carbon nanotubes were functionalized in
acid medium and it has been reported elsewhere [32]. In the intervening
period, 100 mg of functionalized multi-walled carbon nanotubes were
dispersed in 1000 mL of triple distilled water and allowed to ultra-
sonicate for 100 min. After ultrasonication, the functionalized
multi-walled carbon nanotube solution was refluxed with the resultant
microwave irradiated solution and the same has been stirred for next 1
hr. The solution containing precipitate was washed thrice by triple
distilled water and collects the precipitate by centrifugation. Finally, the
nanocomposite has been attained by dried the precipitate at 80°C in air
atmosphere. Cobalt sulfide multi-walled carbon nanotube nanostructure
is described as CS-MCNT in further discussions.

Characterization Techniques

The morphology of the pristine and composite architecture prepared
in the present study was examined using scanning electron microscope
(SEM, TESCAN VEGA-3 LMU) and high resolution transmission micro-
scope (HRTEM, JEOL/JEM 2100). Nitrogen adsorption-desorption ex-
periments were carried out using Micrometrics (ASAP 2020 V3.00H)
systems. Also, the porous nature and the specific surface area of the
composite were estimated by Brunauer Emmett Teller (BET) method.
The phase and structure analysis of the sample was conducted using
PANalytical XPERT-PRO X-ray diffractometer. ESCALAB Xi* spec-
trometer (200-1000 eV) has been used to record XPS spectrum.

Fabrication of Electrodes and Electrode Assessment

In all such electrochemical studies, nickel foam serves as a current
collector that possess good electrical conductivity (=350 S cm ™), me-
chanical strength, chemical stability and flexibility. Most importantly,
the current collector helps to improve the mobility of ions in the elec-
trode material through its plenty of pathways. Former to electrode
fabrication, the current collector was ultrasonically cleaned with 5 %
HCl and triple distilled water. Briefly, the working electrode was pre-
pared by coating homogenous syrup containing 85 % of CS-MCNT
(active material), 10 % of activated carbon (conductivity booster) and
5 % of PTFE (polytetrafluro ethylene, binder) over a porous pre-cleaned
nickel foam (1 x 1 cmz). The electrode was dried at 80°C for 6 hrs in air
atmosphere. The typical mass loading of the electrode is 1 mg cm 2. The
specific capacitance, specific energy and power of the Co based com-
posite electrodes were evaluated using the relations which are discussed
in previous reports [28]. Electrochemical studies of the fabricated
electrodes were performed using CH 660 D electrochemical workstation
(CH Instruments, USA) in conventional three-electrode setup involving
working electrode, reference electrode (Ag/AgCl- 500 pm radius) and
counter electrode (Pt wire). 2 M KOH aqueous solution was served as an
electrolyte. All the electrochemical characterizations (cyclic voltam-
metry, galvanostatic charge discharge, ac-impedance measurements)
were carried out in room temperature to evaluate the supercapacitive
performance of the prepared electrodes.
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Fig. 1. Scanning electron microscope images of (a) MWCNT; (b) Pristine CoSy; (c, d) CoSa;/MWCNT nanocomposite under various magnifications

Assembly of Hybrid Supercapacitor

The sandwich prototype hybrid supercapacitor was fabricated uti-
lizing CS-MCNT as one electrode and functionalized multi-walled car-
bon nanotube as other electrode. A thin polypropylene sheet has been
used as separator and the same was soaked in 6 M KOH (as electrolyte)
overnight before processing. The electrochemical investigations were
carried out in room temperature. Based on the mass coated on the
electrodes (mass-balance theory) [33], the specific capacitance, specific
energy and power of the fabricated device was calculated.

Result and Discussion
Morphological, Elemental Structural and Textural Investigations

The scanning electron microscopic images of the samples were pro-
duced in the panels of the Fig. 1. The micrometric scale of functionalized

multi-walled carbon nanotubes (Fig. 1a) clearly reveals the even dis-
tribution of nanotubes having the tube width of 20-25 nm.

Regularly arranged dense sheet like morphology has been observed
from the pristine cobalt sulfide (Fig. 1b). Added to that, it is interesting
to mention that the sheets are laid on over other which seems to ease
pathway for the ion intercalation [34] and the average thickness of the
sheet was found to be ~ 250 nm. Fig. 1 (c, d), shows the representative
SEM images of cobalt sulfide/multi-walled carbon nanotube composite,
indicating that the carbon tubes were scattered as well as dispersed over
cobalt sulfide in random manner. Moreover, presence of numerous voids
in the composite leading to the opening of porous network that
arrangement probably favours for enhanced electrochemical reactions.
Also, some of the sheets were loosely bounded to the composite which is
due to the weak Vander Waals force of attraction between the precursors
leading to the collapse of sheets from the bundle [28].

The presence of elements in the nanocomposite has been identified
through energy dispersive spectroscopy (EDS). The EDS spectrum
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Fig. 2. (a) Energy dispersive spectrum of the prepared nanocomposite; (b-d) Elemental mapping images of cobalt, sulfur and carbon

Fig. 3. (a-d) HR-TEM images of the prepared nanocomposite; (e) Corresponding SAED pattern

(Fig. 2a) confirms the presence of cobalt, sulfur & carbon in the nano-
composite and the inset shows the atomic weight percentage of the in-
dividual constituents. It is noteworthy to mention that; the occurrence of
two peaks for the cobalt in the EDS spectrum suggesting the secondary
peaks of cobalt (corresponds to Co2ps,2 & Co2pi,2). The chemical

composition, valence states and oxidation states of the elements present
in the prepared composite were further diagnosed through XPS analysis
and their corresponding findings were presented in supporting infor-
mation (Fig. S1). The high resolution XPS spectrum of Co2p shows two
major peaks around 782 eV and 797 eV with the energy gap of 15 eV and
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Fig. 4. XRD pattern of cobalt sulfide/MWCNT nanocomposite

it was well agrees with standard values [35,36]. The obtained peaks
were ascribed to the characteristic shakeup satellites of cobalt (+2 &
+3). An intense peak located at 303 eV attributed to the presence of
carbon family which was slightly shifted due to the excess sulfur in the
parent matrix [37]. Also, a strong peak originated at 168 eV confirms the
presence of sulfur in the nanocomposite [38].

Addition to that, the homogeneity of the elements in the prepared
composite has been confirmed by elemental mapping analysis (Fig. 2b-
d). Further, the morphology of the prepared products was intensely
analyzed using high resolution transmission electron microscope. In
which (Fig. 3a-d), the carbon nanotube is firmly attached to the Co-S
matrix. From the HR-TEM images, it was evident that a sheet like
morphology was the basic building bricks of the nanocomposite. Fig. 3e
represents the SAED pattern of CS-CNT, indicating the presence of
diffused dark rings with bright spots. The bright spots in the SAED
pattern suggesting the transition salts which corresponds to diffraction
planes. In line with SEM studies, the high resolution micrographs
confirm the morphology of the prepared nanocomposite. TEM mapping
analysis was recorded for the prepared nanocomposite to support the
EDS claim. TEM mapping images confirm the presence and homogeneity
of Co, S and C in the prepared nanocomposite and the same have been
provided in the supporting information (Fig. S2).
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In order to analyze the structural parameters and diffraction planes
of the prepared sample, XRD analysis was made (26: 20° to 80°). The
major peaks (Fig. 4) located at 26: 32.72°, 36.63°, 40.09°, 46.58° and
55.01° were indexed to the diffraction planes of (200), (210), (211),
(220) and (311) respectively. The observed major diffraction planes
were well coincides with the (standard JCPDS File No: 89-3056) [39-42]
cubic structured CoS; with the space group of Pa3. Addition to that,
some other peaks located at 14.21° and 24.16° would corresponds to the
graphitic carbon which is achieved from multi-walled carbon nanotube.
The ratio of the two products (CoS; and MWCNT) has been estimated
using the relative maximum peak intensity relations [43,44] and it was
found to be 0.5622 and 0.4377. Also, the average crystallite size has
been estimated using the De-Bye Scherrer relation and it was found to be
18.04 nm.

Formation Mechanism of CS-MCNT Nanocomposite

Scheme 1, illustrates the possible pictorial representation for the
formation mechanism of the cobalt sulfide/multi-walled carbon nano-
tube composite. Initially, C=S bond in the thiourea has been broken by
the oxygen species (present in the water molecules) with the liberation
of hydrogen sulfide [45]. The excess of HyS released in the process reacts
with the Go?' precursors and started homogeneous nucleation. The
nucleation process gets wind up after the formation of small crystalline
CoSx nuclei. As the time rolled, several tiny nuclei were formed and
initiated the growth mechanism due to the low surface energy. After
being the nucleus was irradiated by microwaves, the growth of the
particles along one particular (Ostwald’s ripening phenomena) direction
and leads to the formation of two dimensional sheet-like morphology.
Next, the highly active and adhesive (surface has been etched in acid
medium) functionalized multi-walled carbon nanotubes were refluxed
with these sheets. Due to the low Vander Walls force between the sheets
and carbon nanotubes, they bind together results in opening of
numerous pathways for ion insertion/re-insertion that probably en-
hances the electrochemical phenomenon.

Textural Features of CS-MCNT

From the morphological observations, it was identified that the
surface of the prepared composite was enriched with several pores and it
was further confirmed through nitrogen adsorption/desorption
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Scheme 1. Pictorial representation for the formation of CoSy/MWCNT nanocomposite
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Fig. 5. (a) Nitrogen adsorption/desorption isotherms of CoS;/MWCNT nanocomposite; (b) Pore size distribution profile; (c) t-plot

experiments. The textural features associated with CS-MCNT nano-
composite was produced in the panels of Fig. 5. The nitrogen adsorp-
tion/desorption plot (Fig. 5a) shows a hysteresis loop ranging from 0 to
1.0 (P/P,), indicating the typical type IV isotherms.

The specific surface area and total pore volume of the sample has
been estimated using BET method and it was found to be 15.735 m? g~*
and 0.063 cm® g~1. Also the pore distribution profile is depicted in
Fig. 5b, confirms the presence of mesopores [46]. (Pores lie within the
range from 2 nm to 20 nm). Furthermore, De-Bore’s t-plot was engaged
to study the presence of micropores in the prepared composite. It con-
sists of two linear segments with slight deviation (at 0.7 nm) which is
due to the complete filling of micropores. The t-plot (Fig. 5¢) shows the
total pore volume of and 0.0238 cm® g~! with the external surface area
of 9.674 m? g~1. The presence of mesopores in the sample provides the
efficient route electrolyte ions.

Supercapacitive Property of CS-MCNT Electrode

The cyclic potential response for CS-MCNT electrode at various
sweep rates (2-50 mV s™1) in an alkaline medium is presented in Fig. 6a,
displays a pair of symmetric redox peaks. This indicates the charge
storage process is accomplished by Faradic redox phenomenon. The
chief electrochemical reaction involved in the parent matrix is expressed

as follows*’:
CoS, + OH < CoS,0H @
CoS,0H < CoS,0 2

The specific capacitance of the prepared electrode has been esti-
mated and it was found to be 524 F g~! (Fig. 6a inset), is 30 % higher
than the pristine electrodes. It is noteworthy to mention that, the specific
capacitance of the electrode decreases while increasing the scan rates. A
unanimous truth behind the fact is the incomplete access of the elec-
trolyte ions at the outer surface of the electrode material [48]. Also, a
comparison profile (@ 2 mV s™?) is shown in Fig. 6b, indicating higher

area of CS-MCNT electrode than the pristine cobalt sulfide results in
better electrochemical process. Since, the fabricated electrode is
composed of CoS; and MWCNT, it is very mandatory to identify the
Faradic and non-Faradic capacitance in the total capacitance. It was
estimated using the following equation,

i(v) = kyv + kov'/? 3

The total current developed in the CV plot is the sum of capacitive
process and ion diffusive process. It is evident that, (Dunn’s method [28]
depicted in Fig. 6¢) the total specific capacitance evolved from the
composite material is the sum of the Faradic capacitance (451 F g~! due
to cobalt sulfide) and non-Faradic capacitance (73 F g’1 due to
MWCNT).

The specific capacitance, rate performance and stability of the cobalt
sulfide/multi-walled carbon nanotube composite electrodes were
further examined by galvanostatic charge/discharge method. The
charge/discharge measurement has been carried for the fabricated
electrodes at different current densities in 2 M KOH solution. Fig. 6d
shows the charge/discharge plateaus of CS-MCNT electrodes, indicating
the non-linearity in curves. This confirms the charge storage is done by
the combination of Faradic and non-Faradic electrode material. The
GCD plot of CS-MWCNT, pristine cobalt sulfide and MWCNT is shown in
Fig. 6e. The estimated specific capacitance values from the discharge
curves were found to be 536 F g~! whereas pristine cobalt sulfide and
MWCNT electrodes shows a specific capacitance of 379 F g_1 at a spe-
cific current of 2 A g ™! respectively . It is noteworthy to mention that the
fabricated electrode shows higher specific capacitance which is 29.2 %
higher than the pristine CoS; and 70.1 % higher than MWCNT. The
specific capacitance obtained in the present work is quite good while
compared with the previously reported cobalt sulfide based carbon
systems [41,49-51]. This is probably due to the presence of mesoporous
sheet-like morphology which causes opening up of additional sites for
the electrolyte ions. Interestingly, the specific capacitance of the elec-
trode material decreases while raising the current densities (Fig. 6f). The
common fact behind the phenomenon is the internal resistance
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Table 1
Literature survey of cobalt sulfide/carbon based architectures
Sl.no CoS,/C based System Morphology Electrolyte No of cycles Capacitance Retention Reference
1 CoSy/MWCNT Nanosheets 2 M KOH 1000 cycles 95 % 41
2 CoS,-C@TCL. Nanocages 2 M KOH 2000 cycles 88 % 47
3 CoS2/RGO Nanosheets 6 M KOH 2000 cycles 97 % 49
4 CoS,-Graphene Nanosheets 6 M KOH 1000 cycles 99 % 50
5 PANI/RGO/CoS Nanosheets 1 M H,S0,4 1000 cycles 90.1 % 51
6 Carbon coated CooSg Nanoflower 2 M KOH 10000 cycles 86 % 52
7 CoS2/RGO Nanosheets 6 M KOH 2000 cycles 95.4 % 53
8 CoS/CNT Nanoparticles 6 M KOH 1000 cycles 93.4 % 54
9 CNTs/Co3S4 Nanosheets 1M of NaClO4 100 cycles 82.89 % 55
10 1rGO-Co3S,4 Nanosheets 1MH,SO,4 5000 cycles 81.7 % 56
11 CS-MWCNT Nanoflakes 2 M KOH 10000 cycles 93.6 % Present work
Table 2
Device performance of cobalt sulfide/carbon based supercapacitors
Sl CoS,/C based CFg™! Specific Energy (W h Specific Power (W Electrolyte No of Capacitance Reference
no System kg™ kg™h cycles Retention
1 Ni-Co-S/NF//AC/ 61.8 24.8 849.5 1 M KOH 1000 88.6 % 21
NF
2 CoS/RGO//AC 36.5 13.8 824.6 6 M KOH 2000 95.4 % 53
3 CoS,.NSA//RGO 47 14.68 369 1 M Na,SO4 3000 84 % 59
4 C03S4//C03S4-rGO 164 mF 1.09 398 2 M KOH 5000 89.56 % 60
—2
cm
5 CoS/graphene//AC - 29 800 2 M KOH 10000 70 % 61
6 2D CooSg //AC 82.9 31.4 200 3 M KOH 5000 90 % 62
7 CS-MWCNT// 56 8.16 696 6 M KOH 5000 83.8 % Present
MWCNT Study
developed within the electrode material [28]. Further, the cyclic life test
was executed for the fabricated electrodes to identify the suitability of
the electrode material in supercapacitor domain. Stability test was car- ° ®
ried out (10, 000 continuous charge/discharge cycles) at a possible

specific current of 10 A g~ in an alkaline medium. The stability profile
of CS-MCNT electrode is provided in the Fig. 7a. For the first 2000 cy-
cles, a gradual rise in capacitance which is attributed to the activation of
the electrode material and it also rises progressively for the next 4000
cycles. After that, the specific capacitance of the electrode material
started to decay indicating the closing of active channels in the electrode
surface. The insertion and de-insertion of the electrolyte ions into elec-
troactive species thereby creates a mechanical stress that leads to
decrease in capacity [34]. Finally, the electrode exhibits 93.6 %
capacitance retention at the end of 10, 000 continuous charge/discharge
cycles. This could be attributed to the facile morphology of the prepared
nanocomposite which withstands even at continuous cycling process.
The morphology and crystallinity of the nanostructures was studied
after cycling process and the results are provided in the supporting in-
formation (Fig. S3). Also, the morphology of the nanostructure gets
slightly altered at the end of cyclic process. The cycle life of CS-MCNT
electrode is fairly higher than the previously reported works [41,47,
49-56] and they are presented in the table T1. The stability profile of
pristine cobalt sulfide is presented in supporting information (Fig. S4).
Further, the Coulombic efficiency of the prepared electrodes was esti-
mated using the relation which is reported elsewhere [57]. The elec-
trode shows 96 % Coulombic efficiency (Fig. S5) at the end of 10, 000
charge/discharge cycles. Fig. 7b, shows the impedance spectrum of
cobalt sulfide/carbon composite prepared in the present study. The
thus-obtained spectrum was fitted to the equivalent circuit, which is
composed of several components discussed briefly in our previous work
[58]. The plot consists of two semi-circle regions corresponding to the
Faradic process occurred in electrode material (Faradic and non-Faradic
material) and a linear platform which is attributed to the diffusion
controlled process. The charge transfer resistance of the electrode ma-
terial was estimated by extending the semi-circle region and it was found
to be 2.1 Q (1.0 Q for CoSy +1.1 Q for MWCNT). A possible least charge

CoSMWCNT
Q
Separator

Current collector
Current collector

| BB

Scheme 2. Schematic representation of design of a supercapacitor

transfer resistance developed in the electrode material leading to the
enhanced electrochemical process. Impedance spectrum of pristine
material is produced in supporting information Fig. S6).

Table 1 and table 2

Device Performance (CS-MCNT//6 KOH//MWCNT)

To extend the potential features of the fabricated electrodes (CS-
MCNT), we have devised to design the hybrid supercapacitor based on
multi-walled carbon nanotubes (CS-MCNT// Polypropylene & 6 KOH//
MWCNT). As discussed earlier, our primary task is to enhance the spe-
cific energy/power of the device. By extending the potential window,
thereby chance of enhancing such parameters [48]. Here, we have
chosen multi-walled carbon nanotube electrode as the counter elec-
trode. The excess of ions involved in the mechanism has been tackled by
the counter electrode. Also, multi-walled carbon nanotubes act as me-
chanical strength to the system. Based on the mass-balance theory [33],
the active mass of the counter electrode has been estimated. The sche-
matic illustration of the cobalt sulfide/multi-walled carbon nanotube
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Fig. 8. (a) CV profile of MWCNT and CoS,/MWCNT; (b) CV traces of hybrid supercapacitor; (c) Charge/discharge profile of the device; (d) Ragone plot; (e)

Impedance spectrum of the hybrid cell; (f) Stability layout of two terminal mode

based hybrid supercapacitor is presented in Scheme 2.

The electrochemical responses of the hybrid device were produced in
the panels of Fig. 8. Fig. 8a shows the cyclic voltammograms of the
MWCNT and CS-MWCNT electrodes in aqueous alkaline solution. The
CV traces (Fig. 8b) of the device (20-100 mV sh portrays the charge
storage mechanism is completed by Faradic redox process. Also, the area
of the CV curve enhances while increasing the potential. Further, the
specific capacitance of the cell was estimated through galvanostatic
charge-discharge method (Fig. 8c). In which, different current densities
were applied to the electrodes at constant window. It exhibits the pla-
teaus that resemble both Faradic and double layer nature of charge
storage.

Moreover, the specific capacitance of the hybrid cell was calculated
and it was found to be 56 F g lat a current density of 1 A g~1. The
Coulombic efficiency of fabricated device is 39 %, 76%, 71% and 74% at
a specific current of 1A g™}, 2A g7}, 3A g and 5 A g~1. However, the
Coulombic efficiency at lower current (1 A g™?) is quite low which is
attributed to the irreversibility of Nernstain phenomenon [57]. Since,
the fabricated cell was polarized upto + 1.2 V (to prevent the hydrogen
and oxygen evolution) it hinders the energy density of the two terminal
system [48]. The specific energy and power of the hybrid device was

estimated based on the mass loaded on the device (Fig. 8d). It provides a
high specific energy of 8.16 W h kg™~! with the ultra- high specific power
of 696 W kg *.

The resistive elements indulging the capacitive properties were
identified using a.c. impedance measurements (Fig. 8e). The obtained
data was fitted to the equivalent model and it shows the charge transfer
resistance of 35.5 Q. A long-term cyclic process (5000 cycles at a prac-
tical current density of 10 A g~1) was carried out to identify the stability
of the hybrid supercapacitor (Fig. 8f). At the final stage, the device
shows 83.8% of capacitance retention.

A comparison profile for the electrochemical responses of the pre-
vious reported CoSx/C based hybrid supercapacitor has been provided in
the table T2 [21,53,59-62]. Such enduring qualitative merits associated
with the device make them a better candidate in future energy storage
systems.

Conclusion
In conclusion, we have successfully synthesized CoSy/multi-walled

carbon nanotube architecture using structure directing agent. The
structural, morphological, textural and electrochemical investigations
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have been made on the prepared electrodes in order to study the
supercapacitive properties. Cyclicvoltammetry analysis reveals that CS-
MCNT electrodes exhibit pseudocapacitive nature and capable of
delivering the specific capacitance of 524 F g~ 1. Morphological studies
portray the formation of interconnected sheet-like architecture with
porous network. A very low charge transfer resistance of 2.1 Q was
estimated from EIS makes enhanced electrochemical performance.
Moreover, a hybrid asymmetric supercapacitor has been fabricated and
it could capable of delivering an ultra-high specific power of 696 W
kg~ L. The results arrived from the CS-MCNT electrode suggesting a

promising electrode material in next-generation supercapacitors.
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