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4.1 Introduction

Owing to their excellent electrical conductivity, strong thermal and mechanical
stability, rich redox reactions that occur during electrochemical processes, and the
ability to enhance ion transport through sulphur, transition metal sulfides (TMS) have
recently garnered interest and emerged as a promising alternative to oxide materials for
supercapacitors. Nanostructured TMS brings the benefits of cost-effectiveness and
higher specific capacitances when compared to their oxide counterparts. TMS now
belongs to a novel class of pseudocapacitive material with a wide range of potential
applications. [1-5] Recently, single-phase B-NiS nanocrystallites were shown as a
superior intercalative redox-mediated pseudocapacitive electrode in the aqueous electrolyte to
be utilized as an electrode in hybrid supercapacitors. [6] Similarly, cobalt sulfide
compounds with different stoichiometric compositions such as CoSz, CoS, Co9Sg and
Co1xS have attracted significant attention due to their physical, chemical, electronic
and optical properties and their vast potential applications in catalysis and
electrochemical supercapacitors. [7, 8] The diverse crystal structures of cobalt sulfide,
such as hexagonal (CoS), cubic (CoSz) and densely packed cubic (CosSs) provide the
unique chemical characteristics. [9] The synthesis of nanostructured cobalt sulfide,
including nanotubes [10], nanosheets [11], spheres [12] and floral [13] forms,
significantly increases the specific capacitance.

The chapter describes the synthesis procedure, characterizations and
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electrochemical performances of the single-phase hexagonal CoS nano-spheres. The
UV-visible and Raman spectra provides evidence of the quantum size phenomenon
observed in the CoS nanosphere and validates the nanocrystalline characteristics of the
particles. The CoS electrode demonstrates excellent capacitance equivalent to 776 F/g
at 1 mV/s and a specific capacitance of 761 F/g at 1 A/g in 2 M KOH aqueous
electrolyte. An aqueous asymmetric hybrid supercapacitor (HSC) was assembled with
cobalt sulfide (CoS) as the positive electrode and activated carbon (AC) as the negative
electrode. The assembled aqueous HSCs with excellent cycling stability resulted in a
high energy density of 139.7 Wh/kg and a power density of 7.5 kW/kg are reported

here.

4.2 Experimental:

4.2.1 Synthesis Method

Cobealt (IT) chloride hexahydrate (CoCl2.6H20) (0.1 M, 5.95 g) was dissolved in 250 ml
of deionized water for 5 to 6 hours with constant stirring to create a homogenous
solution. Subsequently, HaS gas was passed into the solution using the Kipp generator
method. The Co?" and S*” ions released by hydrolysis of CoCl2.6H>O and H»S reacted
to form a fine black precipitate of CoS. With the reaction proceeding, the tiny nuclei

aggregated into spherical

CoCl,.6H,0 + 2H,0 - Co?*(aq) + 8H,0 + 2Cl~(aq) (4.1)
(Co?+ solubility step)
+
H,S + 2H,0 - 2H;0% + S~ (4.2)

H>S mediated precipitation

Co?*(aq) + 8H,0 + 2C1~(aq) + 2H;0" + S~ - CoS + 2HCl + 10H,0  (4.3)
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CoS. The black precipitate was then filtered and washed several times with deionized
water. The products were dried in a hot air oven (under an N2 atmosphere) at 120 °C
for 24 hours and used for crystallographic and electrochemical characterizations. The
mechanism of synthesis is depicted above in equation 4.1 to 4.3.

4.3 Results and Discussions:

4.3.1 XRD Studies

The pre-heated powder sample’s XRD pattern demonstrates the purity of the phase and
confirms the precipitation of single-phase hexagonal CoS nano-spheres. Rietveld
refined XRD plot of hexagonal CoS is shown in Fig. 4.1a. In the space group- P63/mmc

with a goodness of fit (%) of 1.16, 14 parameters were refined for CoS nano-spheres.

a) ©  Yobs
Yealce
Yobs - Yeale
e ag9s position
- —_
< g
— =
£ 1
— i
-
=¥
-
=
ot
ICDD File No : 01-075-0605
I [ ) 1 L)
1 1 1 1 i 1 M L

" A N L T I "
25 30 35 40 45 50 55 60 65

20 (degree)

Fig. 4.1 (a) Rietveld refined XRD profile of CoS nano-sphere, (b) and (¢) VESTA
image of CoS nano-sphere.
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The (100), (101), (102), (110), (103) and (201) planes are represented by the distinct,
sharp and prominent diffraction peaks at 20 values 30.67, 35.35, 46.98, 54.52, 62.63
and 66.67, respectively, of CoS nano-sphere in the hexagonal cell (space group:
P63/mmc) with lattice parameters a=b=23.36 (1) A, c=5.16 (3) A, a =B =90° and y
= 120° matches very well with the diffraction peaks reported elsewhere (ICDD File No:
01-075-0605). The VESTA image of the CoS nano-sphere in a layered hexagonal

structure is shown in Fig. 4.1(b & ¢).

4.3.2 Thermal Analysis

The as-precipitated black powder (without any pre-heating) was utilized for
Thermogravimetric analysis (TGA) under the N> atmosphere to understand the thermal
stability of the CoS nano-sphere (in Fig. 4.2a). The black powder was heated from room
temperature to 700 °C at a rate of 10 °C min'. There were two stages of weight loss for
the CoS nano-sphere. The removal of residual moisture and water trapped between the
layers of the CoS nanostructure showed the first stage of weight loss in the temperature
range of 200 °C (4.56% weight loss). From 200 to 445 °C, the sample is almost stable
with a slight weight loss. After 450 °C, there is a sudden weight loss because of the
decomposition of the CoS nano-sphere with the evolution of sulfur. The inset of Fig.
4.2a shows DTA (differential thermogravimetric analysis) plot that clearly shows two
peaks. One at 205 °C is due to the desorption of the adsorbed/trapped water molecule
while the peak at 535 °C is attributed to the gradual loss of sulfur and structural collapse
(a weight loss of ~10%). The weight loss is slow up to 450 °C which implies that the

CoS nano-sphere is stable to a fairly high temperature. [14], [15]
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Fig. 4.2 (a) TGA plot of CoS nano-sphere in an N; atmosphere
(DTA plot in the inset)

4.3.3 Structural Analysis

FT-IR spectrum of the as-prepared (without preheating) CoS nano-spheres is shown in
Fig. 4.2b. The stretching vibrations which correspond to the OH groups of adsorbed
water on the surface showed a broad peak at 3390 cm™. [16] Two peaks at 1225 and
1664 cm™ indicate the bending vibration of sulfonated (S-O) groups and the bending
vibration of absorbed H>O in CoS, respectively. The bands at 404, 415 and 433 cm™!
are related to the symmetrical stretching vibration whereas 1048 cm™ is related to the

asymmetrical stretching vibration assigned to Co-S bonds in sulfides. A further small
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Fig. 4.2 (b) FT-IR spectra and, (¢) Raman spectra of CoS nano-spheres
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peak at 615 cm™! is related to the stretching vibration of Co atoms in the surface of the

CoS nano-sphere which is in fair agreement with results published elsewhere. [17]

For additional studies on the CoS structure, a standard Raman scattering spectrum
shown in Fig. 4.2c was performed on pre-heated active material (CoS). Peaks at 464,
514, 603 and 641 cm™!, which correspond to the typical phonon modes Eg, Fag!, F2o” and
Aig respectively for CoS nano-sphere, have been detected. [18-20] The peaks at 641
cm’! are due to the S-S (involved) stretching vibration and 464, 514 and 603 cm™' were
attributed to the vibration of the Co-S bond. Due to the quantum confinement of optical
phonons, Raman lines for the CoS nano-sphere were shifted toward lower wave
numbers, i.e., bathochromic shift or red-shift indicating the phonon confinement effect

supported by the high-intensity stretching band at 1289 cm’'. [21]

4.3.4 Bandgap Measurement and Surface Area Analysis

To study the optical characteristics of the as synthesized pre-heated CoS nano-sphere,
UV-visible spectra was measured at room temperature (Fig. 4.2d). The absorbance peak
observed at 368 nm indicates the formation of CoS nano-spheres which is in accordance
with literature. [22] The optical band gap of the CoS nano-sphere was calculated with
the help of the Tauc plot (inset of Fig. 4.2d) which was found to be 2.44 eV. The
increase in the band gap could be due to the decrease in the crystallite size, which is in
fair agreement with the Raman spectra and XRD results. [17]

The BET surface area plot shown in Fig. 4.2e represents a complex blend of micro- and
mesoporous structures of CoS nanospheres and the adsorption and desorption isotherms
show type IV isotherm properties. The calculated BET-specific surface area is 13.7
m?/g and the average diameters of pores are 14.54 nm. The mesoporous nature and high

surface area of the CoS nano-spheres provides superior contact with the electrolyte and

IIT (BHU), Varanasi Page | 122



enhance the electrochemical kinetics, as OH ions in an aqueous KOH electrolyte are

substantially smaller than the mesopore diameter of CoS nanospheres. [23], [24]
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Fig. 4.2 (d) UV-Visible spectra (Tauc plot in the inset) and (e¢) BET surface area plot
using nitrogen adsorption/desorption isotherm of CoS nano-sphere.

4.3.5 XPS Analysis

The elemental composition and oxidation state of the CoS nano-sphere were studied
using X-ray photoelectron spectroscopy (XPS). The high-resolution Co (2p) spectrum,
Fig. 4.3a, shows 2p3» and 2p12 at 781.0 and 796.7 eV, and the corresponding satellite
peaks at 785.7 and 802.3 eV are assigned to Co®" oxidation state. The high-resolution

S (2p) spectrum, in Fig. 4.3b, shows two characteristic peaks at 162.7 and 161.6 eV,
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Fig. 4.3 Deconvoluted XPS plot of CoS nano-sphere, (a) Co (2p) spectra, and (b) S
(2p) spectra
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respectively. The peak observed at 161.6 eV corresponds to S (2p3/2) associated with
the Co-S bonding and the peak that appeared at 162.7 eV corresponds to S(2p12) and is

attributed to the surface bonding of divalent sulfur. [25], [26]

4.3.6 FE-SEM and HR-TEM Analysis

SEM image (Fig. 4.4a). The SEM image depicts the agglomerated sub-micron-sized
grains. The EDX (energy dispersive x-ray) analysis image presented in Fig. 4.4b
confirms the material's elemental composition. Fig. 4.4c shows the HRTEM image
demonstrating the successful formation of CoS nanospheres. The nanosphere with an
average diameter of 67 nm, exhibits localized atomic arrangements across the sample.
The selected area electron diffraction (SAED) pattern, in Fig. 4.4d, displays distinct,
well-aligned diffraction spots with lattice spacing 0.29, 0.25, 0.19 and 0.17 nm for
(100), (101), (102) and (110) planes respectively. The lattice fringes of the CoS nano-
sphere are seen in Fig. 4.4e demonstrating the crystalline nature of the nanoparticles.
An FFT (fast fourier transform) and an inverse FFT image of a CoS nano-sphere, as
determined using Image-J software, are shown in the inset (i and ii) of Fig. 4.4e. The
d-spacing value was found to be 0.29 nm which matches reasonably with the (100)

plane of the CoS nano-sphere.
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Fig. 4.4 (a) FE-SEM (b) EDX image of the prepared CoS nano-sphere, (¢) HRTEM
images of CoS nano-sphere, (d) SAED pattern shows diffused ring pattern for lattice
plane diffractions, (e) Lattice fringes representing (100) plane of CoS nano-sphere.
The inset (i and ii) of (e) with FFT, inverse FFT images.
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4.3.7 Electrochemical Studies:

4.3.7.1 Cyclic Voltammetry Analysis

The electrochemical behavior was examined using cyclic voltammetry and

galvanostatic charge-discharge to determine the materials' applicability for energy
storage as supercapacitors. The capacitive charge-storage properties of the CoS
clectrodes were first evaluated by CV using the three-clectrode assembly where the
CoS nano-sphere was deployed as a working electrode, the platinum electrode as the
counter clectrode, and saturated Hg/HgO (1 M KOH) as a reference electrode. The CV
curves were measured at different concentrations of aqueous KOH electrolyte, namely
concentrations of 0.5, 1, 2, and 4 M. Electrolyte concentration vs. mass-specific
capacitance plot is presented in Fig. 4.5a. The specific charge storage capacitances
using equation 4.4 were found to be 541, 644, 776, and 726 F/g at the scan rate of 1
mVs!in 0.5, 1, 2, and 4 M concentration of KOH electrolyte.

The specific capacitance increase with the increase in OH™ concentration and reaches
to the highest capacitance at 2 M KOH electrolyte and then decreases with a further

increasc in the OH- concentration. [27]

fflz i (E)dE

= Zmv (Ep-Fp) 4

where C is the capacitance in F/g, (E>— E1) is the operating potential window (V), the

integral [ EE ?i (E)dE is the total voltammetric charge stored in both positive and
1

negative sweeps in the CV plot.

The capacitance values in the forward and reverse directions do not precisely match;

however, for the holistic picture, we have taken the average value hence the factor 1/2

is used, where i(E) is the obtained current (A), m is the mass (g) of CoS nanosphere,
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and v is the operative scan rate (V s'). The CV curve shown in Fig. 4.5d using 2 M
KOH electrolyte shows two pairs of well-separated redox peaks, indicating that the

electrochemical capacitance of the CoS electrode mainly results from the
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Fig. 4.5 (a) Plot of KOH concentrations vs. specific capacitance at different scan
rates. Typical CV curves for CoS electrode in (b) 0.5, (¢) 1, (d) 2 and (e) 4 M KOH
solutions at different scan rates of 1-100 mVs™'. (f) Comparative CV study in different
concentrations of electrolytes at 10 mV/S.
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pseudocapacitance rather than the electric double-layer capacitance. As can be
observed, non-rectangular and quasi-reversible curves were obtained in the potential
range of -0.1 — 0.5 V indicating a pseudo-capacitive behavior coupled with surface
redox (electrosorption). [28] Even at higher scan rates, the shape of the CV curves

remained identical, indicating excellent charge transfer stability.

As represented in equation 4.5, redox peaks arise due to the reversible interconversion
of Co?" = Co’" through electrosorption (redox) of OH" ions coupled with EDLC-type

surface contribution of capacitance as given in equation 4.6. [15]

Co?'S + OH" = Co*'SOH + ¢ (4.5)
C0?*S + xK OH" = K'xCo?*S(OH") (4.6)

The net charge storage capacitance of the electrode can be represented as equation

4.7.

Co?*'S +xK'OH + OH =2 K+xCo?"S(OH") 1+« 4.7)
Typical CV curves for the CoS electrode are shown at 0.5, 1 and 4 M KOH solutions
in Fig. 4.5 (b) 0.5, (¢) 1 and (e) 4 M respectively at various scan rates from 1 to 100

mVs'.

Capacitance was found to be 776, 680, 551, 502, 463, 407, 347 and 289 F/g at scan
rates of 1, 5, 10, 20, 30, 50, 70 and 100 mVs™! respectively in 2 M KOH electrolyte. As
the active surface areas of the electrode are more accessible for electrochemical
interactions at lower scan rates, the specific capacitance decrease at higher scan rates.
The redox peak positions shifted linearly with the increase in the scan rate. The anodic
peak potential shifted to a higher value while the cathodic peak potential shifted to a
lower voltage. This may be due to the sluggish charge transfer kinetics which is the

limiting step of the reaction.
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The comparative CV study in different concentrations of electrolytes ranging from 0.5
to 4 M (in Fig. 4.5f) at 10mV/s depicts that the redox potential is moved towards a
lower voltage with increasing concentration of the electrolyte KOH which is
undesirable for high-voltage applications. Further, current density values also suggest
an increase in capacitance of the electrode from 0.5 to 2 M KOH concentration of the

electrolyte and a decrease in capacitance for higher KOH concentrations. [24]

4.3.7.2 Determination of Diffusion Coefficient

Fig. 4.5g shows the anodic and cathodic peak currents in linear relation with the
square root of scan rate (v'?) suggesting that the CV curve presents a semi-infinite
diffusion-controlled charge storage. Determining the diffusion coefficient will also
help understand electrode diffusion dynamics. The diffusion coefficient for OH ions
in the electrode was measured with the help of the Randles-Sevick equation shown in

equation 4.8. [29]

i, = 2.686 x 10° x n3/24 D1/* C, v1/? (4.8)
2
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Fig. 4.5 (g) Plot of peak current vs. square root of the scan rate for diffusion kinetics
for the CoS electrode.
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Where i, is peak current (A), n is the number of electrons transferred in the redox
process (n~1), A is the area of the electrode in cm?, D is the diffusion coefficient of OH
ion in cm?/s, C, is the concentration of electrolyte (OH™ ion) in mol/cm?, v is the scan
rate in V/s. D of OH" ions diffusion in the electrode was found to be 2.16x10? cm?/s

for oxidation and 0.96x10cm?/s for reduction process.

4.3.7.3 Kinetics Studies (Determination of b values) and Dunn’s Plot Analysis
The different charge storage kinetics/mechanisms of the CoS electrode were evaluated

qualitatively using the power law described in equation 4.9. [30]

i =av? 4.9)
Where i is the current (A), values of a & b are adjustable parameters, and v is the sweep
rate (V/s). In general, the b value exists between 0.5-1 and b = 1 stand for the surface
control capacitance or electrosorption, while » = 0.5 stands for the semi-infinite
diffusion control process for intercalative battery type behavior. [31] From Fig. 4.6a,
the b values were calculated from the corresponding log (v) versus log (i) plots and
were found to be 0.68 and 0.77 for oxidative and reductive current scan respectively,
suggesting that currents originate mainly from surface capacitive reactions rather than
from diffusion-controlled insertion reactions. The specific capacitance of the CoS nano-
sphere is attributed to both surface-controlled redox-mediated pseudocapacitance and
semi-infinite diffusion-controlled processes. Trasatti's [32] and Dunn’s [33] methods
were employed to calculate the contributions of diffusion-controlled and redox-
mediated (non-diffusion-controlled) capacitance. The voltammetry scan rate
dependency, shown in Fig. 4.6b, demonstrates the capacitive contribution to the current

response.

The current response at fixed potential results from the contributions of two separate
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mechanisms, diffusion-controlled insertion or intercalation and surface capacitive

reactions.
: — 1/2
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Fig. 4.6 Electrochemical kinetics of the CoS electrode (a) Plot of between log (peak
current) vs. log (scan rate) at two different scan rate regions, (b) Plot of the power law
at charged state and discharged state, (c¢) Diffusive and capacitive contribution of the
electrode at different scan rates and (d) Capacitance contribution at 10 mVs™!

For better understanding, eq. 4.10 was modified as

i) _ kg
vl/2 T y1/2

+ k, (4.11)

In eq. 4.10, kv and kyv"? are the current contributions of both the surface capacitance
and diffusion-controlled intercalation. Thus, the determination of k1 and k> using the

slope and intercept of the y-axis from linear fit can result in the contribution of surface
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capacitance and diffusion-controlled intercalation to the current density at fixed specific
potentials. [34] {(V)/v"?vs. v'?} plot shown in Fig. 4.6¢ presents the contribution of
surface capacitance and diffusion-controlled intercalation process at different sweep
rates. Fig. 4.6d represents the contribution of both surface capacitance and diffusion-
controlled intercalation processes at the scan rate of 10 mVs™! and the surface
capacitance or electrosorption was found to be 37% and the contribution of diffusion-

controlled intercalation was found to be ~63%.

4.3.7.4 Trassati’s Plot Analysis
Trasatti plot was used to examine the charge stored in the outer and inner surfaces of
the electrode. The electrode's inner and outer surface capacitances result the total

specific capacitance. It can be represented as

Crotat = Cin + Cout (F/g) (4.12)
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Figure 4.6 (e, f) Corresponding to Trasatti plot at different scan rates

The charge storage on the electrode depends on the scan rate. Fig. 4.6e shows the linear

fit of C' vs. v'? plot at different sweep rates, and the y-intercept in the plot represents

12

the total capacitance of the electrode. Fig. 4.6f presents the linear fit of C vs. v™'“ plot

and the y-intercept presents the electrode's outer surface charge storage. The total
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capacitance value (Cromr), using the Trassati plot, was found to be 943.4 F/g. Inner
surface contribution (Ci,) was found to be 584 F/g (62% of the total capacitance)
and outer surface contribution (Cou) was found to be 359 F/g (38% of the total
capacitance). Thus the nanosphere CoS electrodes store charge through both surface

capacitive reactions and the diffusion-controlled intercalative charge storage process.

4.3.7.5 Chronoamperometry Charge/Discharge Analysis

Galvanostatic charge-discharge measurements in 2 M KOH aqueous electrolytes were
carried out to gain a better understanding of the electrochemical properties of the CoS
electrode. From equation 4.13, the specific capacitance of the electrode was determined

from the galvanostatic charge-discharge curve. [11]

IAt
Csp = AV (4.13)

Where [ is the discharge current density (A), At is the discharge time (s), m is the mass
of the CoS in the electrode (g) and AV is the potential window. As shown in Fig. 4.7a,
specific capacitances of the electrode were obtained to 761, 685, 608, 506 and 381 F/g
at the current densities of 1, 2, 3, 5 and 10 A/g, respectively. The specific capacitance
decreases as current density increases. The specific capacitance decreases to ~50% of
its initial value in the current density range of 1 to 10 A/g. Fig. 4.7b displays the charge
storage stability of the electrode and Fig. 4.7c exhibits the long-term cyclic
performances of the CoS electrode at 10 A/g for 10000 cycles. 83.5% capacity retention
indicates the stability of the CoS nanospheres electrode after 10000 cycles. The superior

reversibility of the electrode is further displayed as the electrode's coulombic efficiency

(77 = td/ tc) was 93% after 10000 cycles of continuous charge/discharge.

IIT (BHU), Varanasi Page | 133



Fig. 4.7d shows the comparative study of GCD at 0.5, 1, 2 and 4 M KOH
concentrations. It is clear from the discharge time that the electrode delivers a longer
discharge time in 2 M KOH electrolytes compared to 0.5, 1 and 4 M KOH electrolytes
at a 1 A/g current rate. The specific capacitance of the electrode was calculated from
the charge-discharge curve and is 547, 622, 761 and 718 F/g for 0.5, 1, 2 and 4 M KOH
electrolyte concentrations, respectively. From comparative GCD observations, an
increase in specific capacitance value from 0.5 to 2 M KOH concentration and then a
decrease in capacitance at 4 M KOH concentration is confirmed which is in fair

agreement with the results of the CV study.
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Fig. 4.7 (a) Galvanostatic charge/discharge (GCD) curve of the CoS electrode, (b)
Capacitance performance of the CoS electrode at various current densities, (c)
Capacitance retention and coulombic efticiency of the CoS electrode and (d)
Comparative study of GCD at different electrolyte concentration.
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4.3.7.6 Analysis of Electrochemical Impedance Spectroscopy (EIS)
Electrochemical impedance spectroscopy (EIS) and the Nyquist plot combined with
their equivalent circuit elements in the frequency range of 100 kHz to 0.1 Hz at 10 mV

applied voltage are shown in Fig. 4.7e.
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Fig. 4.7 (e) Fitted Nyquist plot, (f) Comparative Nyquist plot before and after long
term cyclic stability and (g) Bode plot at 10 mV between 100 kHz - 0.1 Hz.

The specific impedance of the electrode was distributed over charge transfer resistance
(Ret), electric series resistance (Rs) and Warburg impedance (Ryw). The R and R values
for the CoS electrode were found to be 0.62 and 0.73 Q, respectively. Lower-frequency
data represent the Warburg diffusion resistance for the CoS electrode. In order to
investigate the detailed electrochemical characteristics of the CoS electrode before and
after 10000 repeated charge-discharge cycles, EIS tests were carried out. Fig. 4.7f
shows the resultant Nyquist plots before and after; spectra exhibits a depressed arc (in

the inset) in the high-frequency range corresponding to faradaic reactions, followed by
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a straight line in the low-frequency range, indicating a fast OH" ion diffusion-controlled

process. [24]

The EIS spectra show the good electrochemical stability of the CoS electrode after
10000 repeated charge-discharge cycles compared to the initial cycle. The Bode plot
shown in Fig. 4.7g presents the phase angle with respect to the applied frequency. The
change in phase angles of the CoS electrode from 54.8° to 52.6° was found after 10000
cycles of charge-discharge. The lower phase angle (around 50°) confirms the

pseudocapacitive nature of charge storage on the CoS electrode. [35, 36]

4.3.7.7 Electrochemical Charge Storage Behaviour in Neutral NaxSO4 Electrolyte
Further, experiments were carried out to examine the capacitance of the CoS electrodes
in a neutral 0.5 M NaxSOs electrolyte. The CV plots at various scan rates shown in Fig.
4.8a represent the EDLC-type behavior in the majority as redox peaks completely
disappear at high scan rates. Specific capacitance, which is the function of scan rate,
estimated for the CoS electrode for 0.5 M NaxSOy electrolyte are 291, 246, 189, 137,
114, 82,51 and 43 F/gat 1, 2, 5, 10, 30, 50, 70 and 100 mVs"! scan rates respectively.
Fig. 4.8b displays the galvanostatic charge/discharge capacitance of the electrode and
the capacitance was found to be 283, 220, 171, 123 and 57 F/gat 1, 2, 3, 5and 10 A/g,
respectively. Fig. 4.8c shows the comparative CV plots of the CoS electrode in neutral
0.5 M Na;S0O4 and basic 2 M KOH electrolytes. The radius of the ionic hydration sphere
of the electrolytes, and the conductivity and mobility of the ions are likely to be
responsible for the variations in the current response and CV characteristics in different
electrolytes. lonic properties of the KOH and Na,SOs4 aqueous electrolytes are listed in

Table 4.1.[37]
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Table 4.1 Ionic properties of the aqueous electrolytes [21] [38]

Ions Radius of hydration Mol. conduct. Ionic mobility
sphere (A) (S m? mol™) (cm? 571 v1)

OH- 3.00 1.98x107 20.60x107?

SO4* 3.79 0.8x10 8.30x10°

There were changes in the redox peaks from KOH to Na>SOg electrolyte. The redox
peaks in 2 M KOH were found to be more dominant than those in 0.5 M NaxSOys; this
may be due to the size difference between the hydration radii of hydroxyl ions (3 A)

and sulfate ions (3.79 A).
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Fig. 4.8 (a) CV and (b) GCD plot in 0.5 M Na>SOjs electrolyte, (¢) Comparative CV
plotin 2 M KOH and 0.5 M Na>SOjs electrolyte at the scan rate of 10 mV/s and (d)
Comparative charge/discharge plot in 2 M KOH and 0.5 M NaxSOs electrolyte at the
current density of 1 A/g of the CoS electrode.
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The number of ions that diffused through the pores is decreased as bigger SO4>" hydrate
spheres have limited mobility in the pores of the electrode that results in slow diffusion
and lowering the formation of electric double layers. The greater conductivity of the
OH-ion (1.98x10 S m? mol™) in the KOH electrolyte compared to SO4* (0.8x10% S
m? mol™!) in NaSO4 exhibits a superior current response in the CV curve. [38],[39]
GCD experiments were carried out in neutral 0.5 M Na;SO4 and basic 2 M KOH
electrolytes to determine the electrode's charge storage capabilities in different
electrolytes. Fig. 4.8d shows that the electrode delivers a longer discharge time in KOH
electrolyte compared to NaSOj4 electrolyte at the current density of 1 A/g. These
studies confirm the suitability of aqueous 2 M KOH electrolytes for superior electrode

performance.

4.3.7.8 Asymmetric Full Cell Test of CoS //AC (CV, GCD, and Cyclic Stability)

Two electrode measurements in 2 M KOH were fabricated to comprehend the charge
storage behavior of the CoS electrode employing AC as a counter electrode. The
specific capacitance of the positive and negative electrodes must be balanced using

equation 4.14 to obtain the maximum specific capacitance of the full cell.

S I — (4.14)

Ctotal Cpositive Cnegative

To balance the cell's capacity to store charges, the mass ratio (m*/m") of the positive
and negative electrodes was determined using Equation 4.15.

mt C_XAE_
== CixAE, (4.15)

m*t,m~, C,, C_, AE,, AE_ are mass, specific capacitance, and potential window of

positive and negative electrodes obtained from three-electrode CV measurements. [40]
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Separate CV curves for the CoS nanosphere electrode and AC (negative electrode) are

shown in a single operating potential window range at a scan rate of 10 mV/s. As AC

is used to increase the conductivity of the active electrode, when calculating the

electrochemical charge storage capacity of the CoS electrode, the contribution in

capacitance due to the AC electrode is extracted and the obtained data shows only the

capacitive value of the CoS electrode. Therefore, the calculated mass ratio (m*/m”) of

CoS electrode to AC was approximately 1.2:1 for the asymmetric cell. SCs must be

applicable in the field to evaluate their potential for going from the lab to the market.

Therefore, SCs need to be investigated within the parameters of commercial

supercapacitors (mass loading of 10 mg/cm?) to recognize their place in a larger picture
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of commercially employed SCs. [3] Fig. 4.9b shows the CV plot of a two-electrode HSC
with a CoS electrode//AC asymmetry supercapacitor cell at scan rates ranging from 1
to 100 mVs™! in the potential window 0 to 1.5 V. GCD profile of the full cell at different
current densities is shown in Fig. 4.9c. The specific capacitances of HSCs calculated
from GCD curves were found to be 447, 395, 334, 290 and 227 F/g at constant current

densities of 1, 2, 3, 5 and 10 A/g, respectively.

As illustrated in Fig. 4.9d, the CoS//AC full cell in the form of an asymmetric
supercapacitor full cell exhibits outstanding long-term cycling stability with retention
of 87% capacitance of the full cell after 10000 cycles. CoS electrode//AC full cell also
showed superior stability as the coulombic efficiency full cell in HSC mode is
decreased only by 6% of its initial value after 10000 cycles.

4.3.7.9 Electrochemical Impedance Spectroscopy (EIS) of CoS//AC Full Cell

Fig. 4.9¢ and 4.9f present the EIS (Nyquist and Bode) plots in the frequency range of
100 kHz to 0.1 Hz at 10 mV applied potential, showing the superior charge transfer

rates, and higher specific capacitance of the CoS electrode//AC full cell in HSC mode.
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Fig. 4.9 (e) Nyquist and (f) Bode plot at 10 mV at initial cycle and after 10000 cycle
of full cell formation.
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However, a slight decrease in capacity is due to the partially irreversible nature of the
electrode, which was observed during the cycling test. The EIS result also confirms the
superior cycling stability of the full cell by demonstrating a slight change in the cell's
internal and charge transfer resistances before and after the long-term cycling stability
test.

4.3.7.10 Study of Energy Density vs Power Density of CoS //AC full cell

The power and energy density of full-cell asymmetric supercapacitors were calculated

using equations 4.16 & 4.17.

E X 3600
PW/kg) =—— (4.16)
E(Wh/kg) = 525 AV? (4.17)

Csp 1s the specific capacitance of the full cell, AV is the operating voltage window, and
tqisis discharge time in GCD experiments. Fig. 4.9¢g presents the Ragone plot (energy
density vs. power density) of the CoS//AC full-cell in HSC mode for comparison with
other reported sulfide-based supercapacitors. The asymmetric full-cell supercapacitor
attains the highest energy density equivalent of 139.7 Wh/kg and power density
equivalent of 0.75 kW/kg at 1 A/g current density. At a higher current density (10 A/g),
the maximum power density of the full cell reaches 7.51 kW/kg at the energy density
of 70.9 Wh/kg. Table 4.2 highlights a literature survey of different nanostructured
sulfide-based electrodes for supercapacitor applications, e.g., specific capacitance,

capacity retention, energy, and power density.
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Table 4.2 The performances of the CoS//AC full cell in HSC mode compared with
other reported full cell supercapacitors.

Material Energy | Power Cycling Capacitance Ref.
density | density stability (%) (F/g)
(Wh/kg) | (kW/kg) | after “n” cycles

B -NiS 163 0.5 90.0%, 2500 780 at1 A/g [41]
NiCo,S4 spheres 423 0.48 78.6%, 10000 119.1 at5mV/s | [42]
Ni-Co-Sy4 60 1.8 90.1%, 10000 133 at2 mV/s [43]
FeS; nanospheres 44 0.18 97.0%, 5000 484 at 5 mV/s [44]
Mn-MoS; 48.8 5 77.0%, 5000 135 at S mV/s [45]
2D- CooSs 314 0.2 90.0%, 5000 829atl1 Alg [46]
Nio.55C00.45C204 38.5 0.8 80.0%, 10000 108 at 1 A/g [47]
FeCo-A-S 46.1 8 79.3%, 10000 29322 at1 Alg [48]
MnS thin films 18.9 0.25 75.0%, 2000 68.3 at 3 mA cm? | [49]
CoS-AC//AC 44.2 0.4 77.5%, 2000 117.5at 1 A/g 2]
Co(OH): 13.6 0.15 80.0%, 5000 389at2 A/g [50]
CoS nano-sphere | 139.7 0.75 87.0%, 10000 447 at 1 A/g Pres
123.4 1.5 ent
104.4 2.28 wor

90.6 3.75 k

70.9 7.51
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4.4 Conclusions

In summary, the single-phase hexagonal CoS nano-sphere was synthesized using a
simple H>S-mediated one-pot synthesis route in the aqueous medium. Slow diffusion
of H2S gas into the water resulted in the formation of single-phase nanocrystalline CoS
nano-spheres. The XRD pattern confirms the precipitation of a single-phase hexagonal
CoS nano-spheres and the crystallite size calculated using the Debye Scherrer equation
was found to be ~18 nm. CoS nano-sphere shows the quantum confinement effect due
to the smaller/nanocrystalline size of the particles by Raman spectra and supported by
XRD and UV-Visible spectroscopy data. The CoS electrode showed highly
pseudocapacitive performance with a specific capacitance of 776 F/g at 1 mVs™! in a
potential window of-0.1 to 0.5 V in CV and 761 F/g at a current density of 1 A/g in the
potential window of -0.1 to 0.5 V in GCD measurement. A predominant redox-
mediated diffusion-controlled intercalative charge storage mechanism seems to be
operative behind the superior capacitance of the electrode, as the diffusion-controlled
(inner) and surface (outer) charges stored by the CoS electrodes were found to be 62%
and 38%, respectively. In 2 M KOH electrolyte, CoS//AC full cell asymmetric
supercapacitor resulted in power density equivalent to 0.75 kW/kg at the energy density
of 139.7 Wh/kg in the voltage window of 1.5 V in 2 M KOH electrolyte at 1 A/g current
density. Electrochemical performances of the CoS nanosphere indicate that the
capacitance value and charge storage behavior of the CoS nanosphere electrode are
comparable to or better than most transition-metal nanostructured pseudocapacitors
studied recently. These results show that the CoS nano-sphere can be used as a
pseudocapacitive electrode in asymmetric hybrid supercapacitor mode for large-scale

energy storage applications.
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