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PREFACE 

 

 The work for this report on “Synthesis and characterization of Nickel 

Cobalt Sulfide (NiCo2S4) for supercapacitor electrodes" is performed in the 

Nano-architectures research group of Dr. Rupesh at the Department of 

Metallurgical Engineering and Materials Science (MEMS), IIT Indore. 

 In this work, we have synthesized NiCo2S4 with different morphologies 

like nanoparticles, mesoporous hierarchical discs considering nanosheets, and 

microflowers consisting of nanoflakes, via hydrothermal method under 

optimized reaction precursors concentration, temperature, and time, etc. The 

structural, morphological, chemical, and electronic properties were studied by 

XRD, FESEM, EDS, TGA, BET, XPS, etc. The electrochemical measurements 

were performed by using CV, GCD, and EIS.  
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ABSTRACT 

In this study, we have synthesized the Nickel Cobalt Sulfide (NiCo2S4) 

using the hydrothermal method. We have optimized synthesis parameters such 

as reaction precursor concentration, temperature, and time to gain various 

morphologies, including nanoparticles, nanoplates, and nanoflakes. The 

morphology of the synthesized NiCo2S4 (NCS) sample is confirmed by Field 

emission scanning electron microscopy (FESEM). The X-ray diffraction spectra 

confirm that the obtained morphologies are of cubic crystal structure with better 

crystallinity without any impurity. Furthermore, the chemical and electronic 

properties of NCS samples were performed from Energy Dispersive X-ray 

Spectroscopy (EDS) and X-ray Photoelectron Spectroscopy (XPS). After that, 

NCS samples were drop cast over the Ni foam (1× 1.5 cm in size) and used for 

electrochemical measurements. Cyclic voltammetry (CV) showed that the NCS 

samples behave like a battery-type electrode. Galvanostatic charge-discharge 

(GCD) studies revealed that the NCS supercapacitor electrode consisting of 

nanoflakes arranged in mesoporous microflowers format gained a favorable 

power density of 2750 W/kg at an energy density of 14.254 Wh/kg, and 

excellent specific capacitance of 1968.870 F/g at 2 A/g. We also performed the 

cyclic stability at the current density of 10 A/g, and 88.86% capacitance retained 

was observed after continuous 5000 charge-discharge cycles. Therefore, NCS 

nanoflakes are promising electrode materials to fabricate hybrid supercapacitor 

devices. 
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Chapter 1  

Introduction 

1.1 Background 

The performance of electrochemical energy storage devices is 

improving continuously because of the development of vibrant advanced 

electrode active materials and novel device architectures [1]. These advanced 

electrode materials and device structures can be explored for more real-time 

applications. However, there are still many challenges and limitations in 

advanced EES systems, such as search of better electrode material, simple and 

cost-effective synthesis methods, reliable methodologies for electrode 

performance evaluation, and many more. Among the different energy storage 

devices, supercapacitors (SCs) are preferred one because of their many 

advantages over the others [1]. 

Supercapacitor is a device that bridges the gap between high energy 

density devices like batteries and traditional capacitors. They supply energy at 

higher power outputs than batteries and store more energy than capacitors. This 

device is already used in various applications, alone or in conjunction with other 

electrochemical energy storage technologies (mostly batteries). The basic 

working principle of the electrochemical capacitor is as follows: it comprises 

two electrodes, i.e., positive and negative, an aqueous electrolyte, and a 

separator which enables easy transfer of ions and prevents the device from short 

circuit.  

As shown in Fig. 1, SCs are well-known energy storage devices 

providing higher capacitance (100–1000 F) than conventional capacitors, high 

power density, longer lifetime, high efficiency, good cyclic stability, low 

internal resistance, ease of fabrication, low cost and environmentally benign, 

etc. [1] The selection of novel electrode active material is an important aspect 

for the development of high-performance supercapacitors for better 

electrochemical performance [2]. The electrode material should possess the 

properties such as non-toxicity, environmentally friendly, large specific surface 

area, controllable porosity, desirable electroactive sites, and high and stable 

electrical and thermal conductivity.[2] In addition, electrolytes should be 

equally important to increase the device performance. Their intriguing features 



 

22 
 

should be the inertness of electrolytes with an electrode material, low toxicity, 

inflammability, a broad operating temperature range, wide potential window, 

and matching of ion size with pore size to fully utilize the surface of the porous 

electrode materials. [3] 

 

Fig. 1.1. Schematic of Supercapacitor in charging and discharging modes. 

Supercapacitors are classified into three types based on their charge 

storage mechanisms, as shown in Fig. 1.1. namely, Electric double-layer 

capacitors (EDLCs), pseudocapacitors, and hybrid supercapacitors. EDLCs 

exclusively store charge electrostatically in the Helmholtz layer over carbon-

based electrode material with very high specific surface area. Pseudocapacitors 

store charge electrochemically in a faradaic manner, causing some charge 

transfer across the contact, where mainly transition metal oxides or 

chalcogenides are used. [4] Fast surface redox processes and a double-layer 

method are used here to store charge. The hybrid capacitors combine the 

pseudocapacitive and EDLC electrodes [5]. These can either be of the 

asymmetrical or symmetrical variety, where one electrode is entire of the EDLC 

type while the other is entire of the pseudocapacitive type, or these various 

materials can be combined to create a composite that is then used as a 

supercapacitor. 



 

23 
 

 

Fig. 1.2. Flow chart for the types of supercapacitors 

1.2 Chalcogenides (Sulfur) for supercapacitors: 

Chalcogenides are intriguing electrode materials for Li-ion batteries and 

supercapacitors. The redox mechanism of metal sulfides is enhanced by the 

regulated stoichiometry of metal and sulfur, tunable/changeable metal valences, 

and nanostructure morphologies.[6] Additionally, wide bandgap metal sulfides 

achieve electrical conductivity superior to oxides. Therefore, different metal 

sulfides used as electrodes in pseudo-supercapacitors, such as CuS, NiSx, CoSx, 

FeSx, CuSbS2, M-Co2S4, CoNi2S4, and NiCo2S4, have provided better 

capacitance, energy/power density, and stability than their corresponding 

oxides.[7] Several one-dimensional (1D), two-dimensional (2D), and 

hierarchical morphologies have been investigated for energy storage electrodes. 

These morphologies provide a greater surface area for ion transport and redox 

kinetics. [8] On the other hand, the mesoporous architecture of metal sulfides in 

three dimensions (3D) hierarchical morphologies offers a higher surface-to-

volume ratio for better ion transport and, consequently, greater electrochemical 

energy storage.[9] However, until recently, it was not easy to achieve the 
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hierarchical growth of 2D nanostructures, providing remarkable interconnecting 

paths for flawless and quicker ion transport in the supercapacitor electrode.  

1.3 Nickel Cobalt Sulfide (NiCo2S4): 

Due to strong redox activity, favorable capacitive properties, and 

generally good cyclic stability, NiCo2S4, one of the most capable and promising 

metal chalcogenides, has earned interest. The significant properties of binary 

metal sulfide are better electrical conductivity and larger theoretical specific 

capacity than those of a metal sulfide, have also drawn considerable 

attention.[10] Therefore, to enhance the electrochemical performance of 

materials, particularly 3D hierarchical NCS materials, researchers combine the 

inherent benefits of a multidimensional structure and the distinct superiority of 

a binary metal sulfide. 

1.4 Literature Reviews 

Electrode Material Electrolyt

e 

CS (F/g) @ 

Current 

Density (A/g) 

Ed (Wh/kg) & 

Pd (W/kg) 

Cyclic 

Stability 

Ref. 

NiCo2S4 /hierarchical 

porous carbon 

6 M KOH 1863@ 1 19, 3.9  73.1% @ 5000 

cycles 

[11] 

NiCo2S4 Nanoflowers 

@ NiCo2S4 nanosheets 

3 M KOH 1862 @ 4  18.04, 750   89% @ 4000 

cycles 

[12] 

NiCo2S4nanospheres/re

duced graphene oxide 

6 M KOH 1406 F/g @ 1  51.7, 762  82.36% @ 

2000 cycles 

[13] 

Bimetallic sulfide 

NiCo2S4 nanowire 

1 M KOH 527.8 @ 0.2  93.43, 700.7  81.8% @ 5000 

cycles 

[14] 

NiCo2S4 nanosheets 3 M KOH 1956 @ 1  18.75, 

6030  

91.6% @ 5000 

cycles 

[15] 

NiCo2S4 nanosheets 2 M KOH 505.6 @  

0.5  

11.7, 2400  99% @ 5000 

cycles 

[16] 

NiCo2S4/Ni-Co layered 

double hydroxide 

3 M KOH 1765 @ 1  57.8, 1600  56% @ 2000 

cycles 

[17] 

NiCo2S4 embedded in 

carbon fiber 

6 M KOH 1169 @ 1  28.8, 878.3 87.2% @ 

10000 cycles 

[18] 

Spinous NiCo2S4 

nanotubes 

6 M KOH 630 @ 1  52.34, 

2206.37 

91% @ 3000 

cycles 

[19] 
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Polypyrrole-wrapped 

NiCo2S4 nanoneedles 

3 M KOH 1842.8
    

@ 1  41.2, 402.2  92.8% @ 5000 

cycles  

[20] 

NiCo2S4 nanoparticles 

@ N-doped CNT 

6 M KOH 783.5 C/g @ 1 49.75, 

774.65 

88.9% @ 3000 

cycles 

[21] 

sandwich-type NiCo2S4 

@ reduced graphene 

oxide 

2 M KOH 2003 @ 1  21.9, 417.1 86% @ 3500 

cycles 

[22] 

NiCo2S4 nanostructured 

arrays on carbon fiber 

paper 

2 M KOH 1154 @ 1  17.3, 3200 76.7 % @ 

8000 cycles 

[23] 

NiCo2S4/NiS Hollow 

Nanospheres 

3 M KOH 1947.5  

@ 3mA/cm
2
 

43.7, 160  90.3% @ 1000 

cycles 

[24] 

 

Table 1.1 Table of literature review 

1.5 Research gaps: 

• Limited work has been focused on the effect of morphology 

variation of NiCo2S4 based electrode materials and their device 

performance. 

• The way to boost the electrochemical properties of this 

nanomaterial as compared to the existing reports has not been 

thoroughly explored. 

1.6 Research objectives: 

• To synthesize a variety of nanostructure morphologies of 

NiCo2S4 at optimized reaction conditions. 

• To analyze the structural, chemical, elemental, morphological, 

and electrical properties of NiCo2S4 nanostructures. 

• To investigate the electrochemical properties of NiCo2S4 

nanostructures using CV, GCD, and EIS. 

• To improve device performance, such as high-power density and 

energy density with good cyclic stability, we deliberately plan to 

synthesize NiCo2S4 nanostructure with optimized parameters. 
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Chapter 2  

Experimental Section 

2.1 Synthesis of NiCo2S4:  

Nickel nitrate hexahydrate (Ni(NO3)2.6H2O), Cobalt nitrate hexahydrate 

(Co(No₃)₂.6H₂O), and Thiourea (NH₄CSNH₄; 99% pure) of analytical grade was 

mixed in a stochiometric ratio (1:2:4)M in 40 ml DI Water followed by stirring. 

Methylamine (100 µl) was added dropwise to the above solution and further 

kept for stirring. Furthermore, the solution was reacted in the stainless-steel 

autoclave oven (Fig. 2.1) at 140°C for 4h. The above process was repeated for 

6h, 8h, and 10h duration for reaction. The prepared NiCo2S4 samples were 

identified as NCS4, NCS6, NCS8, and NCS10 for 4h, 6h, 8h, and 10h reaction 

times, respectively. The flow chart in Fig. 2.2 presents the whole synthesis 

process. 

 

Fig. 2.1. Schematic representation of hydrothermal setup used for the NCS 

synthesis [25].  
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Fig. 2.2. Flow chart for the synthesis procedure of NCS samples. 

2.2. Methodology 

The surface morphology of NiCo2S4 nanostructures were examined 

using FESEM (JEOL, JSM–7610 F Plus), and EDS (Oxford, X-MAX), 

respectively. The crystal structure and lattice parameters were analyzed from an 

XRD (Empyrean-DY2528, Malvern Panalytical, λCu = 1.5405 Ao). Chemical 

states and electronic structure were investigated from XPS endowed with 

monochromatic Al-Kα X-rays (Thermo Scientific Inc.). The pore size 

distribution and surface area were determined Barrett-Joyner-Halenda (BJH) 

and Brunauer Emmett Teller (BET) methods carried out in a gas sorption 
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analyzer (Quantchrome Autosorb iQ2), and the electrochemical measurements 

were done by an electrochemical workstation (Autolab, PGSTAT302N, 

Metrohm) to study the redox kinetics of NiCo2S4 samples. 

2.2.1. X-ray diffraction (XRD) 

 An efficient and popular tool for characterizing materials is 

powder X-ray diffraction (XRD). In addition to numerous microscopic and 

spectroscopic techniques, phase identification, crystallite size, and sample 

purity are some of the crucial details that powder XRD analysis of a sample 

can provide. Because it is a bulk method, the data it produces can be 

compared to microscopic data to determine whether microscopic findings 

on a small sample of particles are typical of the entire sample. Other 

essential details of this technique are vastly reported in the literature, [26] 

hence avoided in this thesis. The PANalytical Empyrean X-ray 

diffractometer (Fig. 2.3) was used for structural analysis of the NCS 

samples.  

 



 

30 
 

Fig. 2.3. Image of X-ray diffraction (XRD) instrument used in the present 

study. 

2.2.2: Field emission scanning electron microscopy (FESEM) 

 The energy storage performance of nanomaterials is always 

correlated with surface morphological features. Therefore, exploration of 

the morphologies and microstructures of the materials is one of the 

prerequisites. In the present case, we have used FESEM, JEOL, JSM-7610 

F Plus for the morphological analysis (Fig. 2.4).  Other essential details of 

this technique are vastly reported in the literature [27, 28] and hence avoided 

in this thesis.  

 

Fig. 2.4. Image of the FESEM instrument used in the present study. 

2.2.3: Energy-dispersive X-ray Spectroscopy (EDS) 

  Energy-dispersive X-ray spectroscopy is a powerful tool that 

enables the user to study the presence of elements in the required sample. 

The principle of EDS is to bombard high-energy beam of X-rays to remove 

'core' electrons from an atom which leaves behind a hole followed by filling 
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up by higher – energy electron (Auger Relaxation), which releases energy. 

This process enables us to know the type and at what proportion of elements 

are present in the periodic table [29]. In the present case, we have used 

Oxford EDS X-MAX 20 mm. equipped with the FESEM for the elemental 

analysis. 

 

      2.2.4: Brunauer–Emmett–Teller (BET)  

  The Surface area and pore size distribution of all the NCS4 

samples were analyzed using liquid N2 to obtain the amounts of adsorption-

desorption isotherm Brunauer–Emmett–Teller (BET) and Barrett-Joyner-

Halenda (BJH) in an automated of nitrogen gas sorption isotherms 

(Autosorb IQ2 - Quantachrome Instruments) (Fig. 2.5).  Other essential 

details of this technique are vastly reported in the literature, [30] hence 

avoided in this thesis. However, the five different adsorption isotherm 

types shown in Fig. 2.6 are essential to explain the absorption-desorption 

correlation. 

 

Fig. 2.5. Image of the BET instrument used in the present study. 



 

32 
 

Type I isotherm shows monolayer adsorption; it is a pseudo-Langmuir 

isotherm. A Type – 1 isotherm (connected to the first monolayer's adsorption 

energy and varies from solid to solid) is produced when P/Po = 1 and c > 1 in 

the BET equation, where P/Po represents partial pressure value, and c is the 

BET constant and usually, this is applicable for those with pores < 2nm. 

Compared to the Langmuir model, a type II isotherm is substantially different. 

A monolayer was formed in the middle, with a flatter area. A type II isotherm 

is produced when c > 1 in the BET equation. When employing the BET 

approach, this is the most frequently obtained isotherm. At the knee, monolayer 

formation starts, and at medium pressure, multilayer formation happens. 

Capillary condensation happens at greater pressures. When the < c1, a type III 

isotherm that depicts the creation of a multilayer is achieved. Due to the curve's 

lack of an asymptote, neither med nor BET applies, and no monolayer is 

required. When capillary condensation takes place, type IV isotherms appear 

used for characterization of mesoporous materials with pore sizes between 2 

and 50 nm. At pressures below the gas saturation pressure, gases condense in 

the solid's small capillary pores. It demonstrates the production of a monolayer 

at lower pressures, followed by the formation of multilayers. Type V isotherms 

are irrelevant to BET but are extremely comparable to type IV isotherms.[31] 

 

Fig. 2.6. Types of isotherms observed in various porous materials. 

 

2.2.5 Thermal gravimetric analysis (TGA)  
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Thermogravimetric Analysis (TGA, (Merrler Toledo TGA/DSC 

system 1 stare system) is a method for characterizing materials used in 

various petrochemical, food, pharmaceutical, and environmental 

applications (Fig. 2.7). TGA assesses the composition, purity, processes 

leading to breakdown, temperature leading to decomposition, and absorbed 

moisture content of your products. Other essential details of this technique 

are vastly reported in the literature [32, 33] and hence avoided in this thesis. 

 

Fig. 2.7. Image of the equipment used for Thermogravimetric Analysis [32] 

2.2.6 X-ray Photoelectron Spectroscopy (XPS)  

 

Fig. 2.8. Schematic representation of the working principle of XPS  
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By using XPS, a sample's surface chemistry can be ascertained. An X-ray beam 

is incident on the solid sample surface to obtain the XPS spectra. The electrons 

are ejected off the sample's top surface (1–10 nm) by these X-rays because they 

have sufficient energy. A record is made of the quantity and kinetic energy of 

the expelled electrons (Fig. 2.8). This spectrum can be used to identify the 

sample's elemental makeup because electrons in various shells and subshells (s, 

p, d, etc.) have various energies. In order to measure XPS, monochromatic Al 

K X-rays were used on a Thermo Scientific XPS.[34] 

2.2.7: Electrochemical measurements 

 Various electrochemical testing techniques were used to examine the 

prepared sample's supercapacitor behavior of the electrode material. 

Voltammograms or Cyclic voltammetry is an electrochemical technique used to 

study the redox properties of chemical species. It involves measuring the current 

response as a function of applied potential in a cyclic manner. The technique 

provides information about the electron transfer kinetics, thermodynamics, and 

concentration of electroactive species in a solution. The general principles of 

cyclic voltammetry can be described using the following steps: 

Electrochemical Cell Setup: A typical electrochemical setup consists of 

three electrodes such as a working electrode, a reference electrode, and a 

counter electrode. The redox reactions occur in the working electrode, the 

reference electrode provides a stable reference potential, and the counter 

electrode completes the electrical circuit. The electrodes are emerged in an 

electrolyte solution containing electrolyte solution. 

Potential Scan: The potential is swept linearly with time between two 

defined limits, typically referred to as the upper (E_upper) and lower 

(E_lower) potential limits. The potential scan rate (v) determines the speed 

at which the potential changes and is usually expressed in volts per second 

(V/s). 

Current Measurement: The current flowing through the cell is measured as 

a function of the applied potential. During the forward scan (from Elower to 

Eupper), the current increases or decreases depending on the flow of the redox 

reaction. In the reverse scan (from Eupper to Elower), the current changes in the 
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opposite direction. The resulting current-potential curve is known as a cyclic 

voltammogram. 

Analysis of Cyclic Voltammogram: The cyclic voltammogram provides 

information about the redox processes occurring in the solution. Key 

features include peak potentials (Ep), peak currents (ip), and peak shapes. 

The peak potentials can be used to determine the potential (E°) of the redox 

couple, while the peak currents are ascribed to the concentration of the 

electrolyte solution and the rate of electron transfer. 

 The following formula represents the relationship between current (i) 

and potential (E) in cyclic voltammetry: 

𝒊 = 𝒏𝑭𝑨𝒄(
𝒗

𝒅
)

𝟏

𝟐           (1) 

where: 

i = current (A) 

F = Faraday constant (C/mol) 

A = electrode area (cm²) 

n = number of electrons transferred in the redox reaction 

c = concentration of the analyte (mol/cm³) 

d = diffusion coefficient of the analyte (cm²/s) 

v = scan rate (mV/s) 

This equation, known as the Randles - Sevcik equation (eq 1), 

describes the current response in cyclic voltammetry based on the principles 

of mass transport and electron transfer kinetics. 

 Galvanic charge and discharge refer to the process of transferring 

electric charge into and out of a galvanic cell or battery. An external power 

source, such as a battery charger, is connected to the galvanic cell during 

the charging process. The charger applies a higher voltage than the cell's 

open-circuit voltage, which causes a drift of electric current into the 

electrochemical cell. The cell undergoes an oxidation reaction at the anode, 

where electrons are released, and a reduction reaction occurs at the cathode, 

where electrons are gained. This charging process results in the restoration 

of the reactants within the cell. Conversely, during the discharge process, 

the galvanic cell is connected to an external circuit, and the chemical 

reactions within the cell generate an electric current. The reactants inside 
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the cell are consumed, undergoing oxidation at the anode and reduction at 

the cathode, which produces electrical energy that can be used to power 

devices or perform work. 

The galvanostatic charge-discharge principle of a supercapacitor is 

like that of a regular battery or electrochemical cell. It involves applying a 

constant current to the supercapacitor during the charge and discharge 

processes. This allows for controlled energy transfer and monitoring the 

supercapacitor's performance [36]. Here is an explanation of the 

galvanostatic charge-discharge principle for a supercapacitor: 

1. Galvanostatic Charge: 

• During the galvanostatic charging process of a supercapacitor, a 

constant current is applied to the supercapacitor. 

• The applied current forces the migration of ions from the 

electrolyte to the electrode surfaces, where they are adsorbed 

onto the porous electrode material. 

• This charge storage at the electrode-electrolyte interface results 

in an increase in the supercapacitor's stored electrical energy. 

2. Galvanostatic Discharge: 

• In the galvanostatic discharge process, the supercapacitor is 

connected to a load or external circuit, and a constant current is 

drawn from the supercapacitor. 

• As the current flows, the stored energy in the supercapacitor is 

released. 

• The adsorbed ions at the electrode surfaces are desorbed back 

into the electrolyte, and the supercapacitor's potential gradually 

decreases. 

The galvanostatic charge-discharge process of a supercapacitor is 

typically faster compared to batteries due to the electrostatic nature of 

energy storage. Supercapacitors can deliver high power densities, making 

them suitable for applications requiring rapid energy transfer and high burst 

power. During galvanostatic charge and discharge, it is essential to consider 

the voltage and current limits specified by the manufacturer to avoid 

overcharging or over-discharging the supercapacitor, which can affect its 

performance and longevity. 
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The EIS method was used to investigate how electrode material 

behaved in terms of resistance and capacitance. The electrochemical 

impedance spectrum (EIS) of a single electrode or electrochemical cell 

comprises both imaginary and real components. To determine the 

contribution of the resistance of the material in the charge storage 

mechanism, the frequency is varied across a predetermined range to produce 

the impedance spectrum.[37] 

An analytical method for characterizing electrochemical cells over a 

range of frequency regimes is electrochemical impedance spectroscopy 

(EIS). Unlike CV and GCD studies, EIS studies are performed on systems 

to measure the impedance offered by the cell as a function of frequency 

(frequency ranges from 100 kHz down to 10 mHz).[38] 

When representing impedance data, there are two typical methods: 

i) The phase angle (Φ) and absolute impedance modulus (Z) are shown 

on the Bode plot as a function of frequency and phase angle. 

ii) The Nyquist plot depicts real and imaginary impedances at various 

frequencies and is more frequently observed. In order to analyze 

diverse behaviors for the various frequency regimes, impedance 

measurements are often performed and plotted from the high-

frequency domain to the low-frequency domain. The equivalent 

series resistance (ESR) of the electrochemical cell is determined by 

the Nyquist plot's real axis (X-axis) impedance point at the highest 

frequencies with respect to the real axis of impedance, subsequent 

semicircles, aligned at an angle of 45°line and a 90° angle represents 

the charge storage mechanisms of the type of capacitive 

materials.[35]  

EIS involves applying an AC (alternating current) signal to the 

system over various frequencies and measuring the resulting impedance. 

Here are explanations of some of the technical terms associated with 

EIS:[38] 

1. Solution Resistance (Rs): Solution resistance refers to the resistance 

of the electrolyte solution in which the electrochemical system is 

immersed. It represents the resistance encountered by the AC current 
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as it passes through the solution. Solution resistance is typically 

considered a constant value that can be subtracted from the measured 

impedance. 

2. Charge Transfer Resistance (Rct): Charge transfer resistance 

represents the resistance linked with the charge transfer process 

happening at the electrode-electrolyte interface. It is related to the 

kinetics of the electrochemical reactions taking place. A higher 

charge transfer resistance indicates slower reaction kinetics and can 

be an indicator of sluggish electrode processes or electrode fouling. 

3. Warburg Impedance: Warburg impedance is a term that describes 

the impedance associated with diffusion processes occurring in the 

electrochemical system. It arises due to the transport of species (such 

as ions or molecules) from the bulk solution to the electrode’s surface. 

Warburg impedance is often observed as a sloping line at lower 

frequencies on the EIS plot. 

4. Constant Phase Element (CPE): A constant phase element is a feature 

which represents an equivalent circuit element that represents the 

behavior of non-ideal capacitive processes. It can model systems that 

deviate from the ideal behavior of a pure capacitor. The CPE is 

characterized by a constant phase angle instead of a fixed capacitance 

value. 

5. Equivalent Series Resistance (ESR): Equivalent Series Resistance 

refers to the overall resistance of the electrochemical system, 

including resistive components such as solution resistance, charge 

transfer resistance, and other sources of resistance within the system. 

ESR provides information about the total resistance encountered by 

the AC current. 

Interpreting the EIS plot requires considering the context of the 

specific electrochemical system being studied and often involves fitting the 

experimental data to appropriate equivalent circuit models to extract 

quantitative information about the system's properties and processes. 
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Chapter 3  

Results and Discussion 

 

 

 

3.1 X-ray diffraction (XRD) Analysis  

 

Fig. 3.1. XRD patterns of (a) NCS4, (b) NCS6, (c) NCS8, and (d) NCS10 

samples. 

The XRD pattern of the synthesized sample is shown in Fig. 3.1 

represents the Cubic crystal structure of NiCo2S4. The major diffraction peaks 

of the as-synthesized powder sample located at 2θ = 31.475°, 38.193°, and 

55.303° with space group Fd-3m are well indexed to the lattice planes of (311) 
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(400) and (440), respectively, with lattice constants of a = 9.417 Å, b = 9.417 Å  

and c = 9.417 Å, and α, β, γ = 90° which are in good agreement with the JCPDS 

Card No. 43-1477. The high background might be due to the effect called 

fluorescence.[39] 

3.2 Field emission scanning electron microscopy (FESEM) Analysis. 

NSC4 (a) 

 

NSC4 (e) 

 
NCS6 (b) 

 

NSC6 (f) 

 
NCS8 (c) 

 

NCS8 (g) 

 
NCS10 (d) NCS10 (h) 
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Fig. 3.2. (a-d) Low magnification and (e-h) high magnification FESEM images 

of NCS samples prepared at reaction times of 4, 6, 8, and 10 h., respectively. 

 Fig. (3.2) shows the surface morphological features of NCS samples 

synthesized at various reaction times. At low magnification, FESEM images 

(Fig.3.2 (a-d)), the uniformity of the surface morphologies were observed for 

all reaction times. The FESEM images (Fig.3.2(e–h) confirmed the 

transformation of growth initiation of nanoparticles to well-grown microflowers 

with increased reaction time. At 4h, the initiation of nucleation sites for the 

growth of nanostructures was observed. When the reaction time was increased 

to 6h, it was transformed to well–grown 2D nanosheets grown in the form of 

hierarchical 2D discs. The 2D nanosheets were further transformed into rose-

like micro flowers. After the reaction time of 8h and at 10 h, the growth of 

microflowers was more distinct, consisting of nanoflakes. With a longer 

reaction, the growth species have enough time to interact with their neighboring 

sites and transform into spherical rose-like microflowers of 2D nanoflakes. 

3.3 Energy X-ray dispersive spectroscopy (EDS) 

The EDS line spectra and mapping of all the samples are shown in Fig. 3.3. The 

EDS of the NCS4 and NSC6 sample confirms the presence of Nickel, Cobalt, 

and Sulfur. Additionally, a significant amount of oxygen is found in NCS4 and 

NCS6 since the sample surface oxidized due to atmospheric oxygen or the 

unreacted hydroxyl group. This demonstrated the morphological creation of 

cobalt oxysulfide nanostructures. The EDS spectra of the NCS8 and NCS10 

samples confirm the presence of elements Nickel, Cobalt, and Sulfur only. 

Whereas a peak for oxygen was not detected, which might be due to the 

completion of the sulfurization reaction in 8 and 10h.
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Fig. 3.3. EDS line spectra and Mapping of as-synthesized (a) NCS4, (b) NCS6, 

(c) NCS8, and (d) NCS10 samples. 

3.4 Brunauer–Emmett–Teller (BET) Analysis  

The surface properties, such as pore size/volume and specific surface 

area, were analyzed from N2 adsorption and desorption measurements. The N2 

isotherm of the NiCo2S4 displays adsorption–desorption curves which 

correspond to the Type – III hysteresis loop in the P/P0 region of 0.4 – 1.0, which 

mesoporous hierarchical 2D flakes (Fig. 3.4(a-d)). Furthermore, BJH pore 

diameter distribution of NiCo2S4 was observed in the range of 3 nm–350 nm 

(Fig. 3.4(e-h)). The BET specific surface area is found to be 36.671 m2/g for 

NCS4, 37.057 m2/g for NCS6, 33.412 m2/g for NCS8, and 28.163 m²/g for the 

NCS10, respectively, indicating a large surface area that offers ample 

electroactive sites and short diffusion routes for charge transport. The pore 

diameter was relatively narrow such as 3.831 nm for NCS4, 3.058 nm for NCS6, 

3.061 nm for NCS8, 3.412 nm for NCS10 (Fig. 3.5). These characteristics are 

thought to be very advantageous for its use in electrochemical energy storage 

device. 
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Fig. 3.4. (a-d) BET Surface area, (e-h) BJH pore size, and distribution of the (a) 

NCS4, (b) NCS6, (c) NCS8, and (d) NCS10 samples 
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Fig. 3.5. The reaction time-dependent variation in the surface area and pore 

volume distribution of the (a) NCS4, (b) NCS6, (c) NCS8, and (d) NCS10 

samples. 

3.5 X-ray Photoelectron Spectroscopy (XPS) Analysis 

 

Figure. 3.6 displays the high-resolution XPS spectra of the NiCo2S4. All 

the peaks are deconvoluted with Voigt fitting function using Shirley 

background. The binding energies of 778.72 (a), 781.55 (a′), 786.03 (s), 793.72 

(b), and 796.71 (b′), 801.23 (s′) eV explicitly fit into the deconvoluted spectrum 

(Fig 3.6b). The core levels of Co2+(2p3/2), Co3+(2p3/2), Co2+(2p1/2), and 

Co3+(2p1/2) are arbitrated by peaks a, a′, b, and b′, respectively [34]. However, 

the Co3+ cations are barely present, as evidenced by the higher intensity of the 

Co2+(2p3/2) core levels compared to those of Co3+(2p3/2). Co2+(2p) core levels 

exhibit the 15 eV spin-orbit splitting. The peak b, which has a binding energy 

of 781.55 eV, denotes the peak associated with the shake-up. Additionally, the 

S(2p) XPS spectra with compound peak features were decomposed using the 

Shirley background and the Voigt fitting function. For three peaks at BE of 

161.54 (a), 162.69 (a′), 163.86 (b), and 169.08 (c) eV, the deconvoluted 

spectrum fits each peak exactly. The S2-(2p3/2) and S2-(2p1/2) core level peak 

features are arbitrated by peaks a and b, respectively. In S2-(2p) core levels, the 

spin-orbit splitting of 7.54 eV is seen. Unreacted Sulphur in the nanostructure 

is shown by the peak c with a binding energy of 169.08.[40] 
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Fig. 3.6. XPS spectra of (a) Ni(2p), (b) Co(2p), and (c) S(2p), core levels of as-

synthesized NCS10 sample. 

The XPS spectra of Ni showed four peaks that, on deconvolution, fitted 

perfectly with six peaks identified as a, a', c, b, b', and c consecutively located 

at a binding energy of 853.34, 870.51, 856.38, 860.73, 879.27 and 874.21 eV, 
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which are assigned to Ni2+(2p3/2), Ni3+(2p3/2), Ni2+(2p3/2) shakeup satellite peak, 

Ni2+(2p1/2), Ni3+(2p3/2) and Ni2+(2p1/2) shakeup satellite peaks, respectively. 

NiCo2S4 nanosheets were formed, as demonstrated by the clearly intense peak 

of Ni2+(2p3/2) and Ni2+(2p1/2) core levels of Ni2+ ions. It is also accompanied by 

a Ni3+ peak, but their strength relative to Ni2+ is much lower, demonstrating their 

insignificance. For their satellite peaks, the Ni2+(2p3/2) and Ni2+(2p1/2) core 

levels' energy separation of 2.32 (±0.2) eV remained constant.[40] Overall, the 

XPS analysis represents the formation of pure stoichiometric NiCo2S4 

compounds. 

3.6 Thermal gravimetric analysis (TGA) Analysis  

 To investigate the corresponding reactions and thermal analysis of 

NiCo2S4 nanostructures, TGA was first performed. The TGA and DSC curves 

of the NCS, from room temperature (RT) to 400°C in the ambient atmosphere, 

are shown in Fig.3.7 The weight remained constant at temperatures more than 

520 °C. Additionally, it was found that the weight of NCS was almost constant 

between room temperature and 400 °C. When the temperature was above 400 

°C, however, a notable increment in the weight of NCS was observed, which 

may be related to the oxidation of metal sulfides into metal sulfate and metal 

oxysulfide (MSO4 and MOSO4) [41]. The generated metal sulfate and meal 

oxysulfate started to break down into NiO and Co3O4 as the temperature reached 

over 700 °C till the equilibrium condition.[42] 
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Fig. 3.7. (a-d) TGA curves and (e-h) DSC curves of NiCo2S4 sample prepare at 

the reaction time of (a) NCS4, (b) NCS6, (c) NCS8, and (d) NCS10 samples, 

respectively. 
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3.7 Electrochemical Analysis  

 To comprehend the energy storage performance of all prepared samples 

in 3 M KOH electrolytes, electrochemical investigations were performed in a 

three-electrode system (half-cell configuration) that contains reference 

electrode (Ag/AgCl) and a counter electrode (platinum wire) submerged in an 

electrolyte. The NCS samples in the slurry form were drop-casted onto Ni foam 

(1 cm × 1 cm) to prepare the working electrodes. The NCS ink was prepared by 

mixing NiCo2S4 sample powder, super p carbon black, and polyvinylidene 

fluoride (PVDF) in 80:10:10 ratio in N-methyl 2-pyrrolidone (NMP). For all the 

electrochemical tests, the mass loading of the as-synthesized sample was >2 

mg/cm2 after drying the NCS located Ni-foam at 70 °C for 6 h. 

3.7.1 Cyclic voltammetry  

The electrochemical performance of NCS samples as supercapacitor 

electrodes were examined at various scan rates of 5, 10, 15, 20, 25, 30, 40, 

50, and 100 mV. The identical form of the CV curves indicates typical 

pseudo-battery behavior. The two redox peaks seen in the CV curves 

indicate the amendable diffusion of OH- ions from the KOH electrolyte, 

which are caused by the faradaic redox reactions following the 

electrochemical reaction, 

                           NiCo2S4 + OH- ↔ NiCo2SOH + e-                                                                        (2) 

Fig. 3.8 demonstrates that the area of the curves continues to grow 

with the increase in the scan rate as predicted by the Randles-Sevcik 

equations. The symmetric and reversible shape of the CV curves suggests 

rapid charge transfer during the faradaic reaction mechanism at the electrode 

and electrolyte interface. The oxidation and reduction peaks are perceptible 

irrespective of scan rates. Additionally, the entry and outflow of OH- ions 

cause the cathodic/anodic peak location to change significantly at higher and 

lower potentials, and an increase in scan rates indicates slower kinetics, 

which can be ascribed to internal resistance and charge transfer limitations. 
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  Fig. 3.8.  CV curves of (a) NCS4, (b) NCS6, (c) NCS8, and (d) NCS10 samples 

at various scan rates. 

Peak current (ip) can be represented as total currents arising from the 

surface-contributed redox reactions (K1v) and the slow semi-infinite 

diffusion-controlled contribution process (K2v
1/2) under certain potential 

sweep rates. As stated below [37], an empirical relationship is provided, 

                                      ip = avb = K1v + K2 𝑣1/2                                           (3) 

                                 or log ip(𝑣) = log a + b log(𝑣)                        (4) 

Where, a and b are constants, v is the scan rate, and ip is the current density. 

The current-controlled capacitive and semi-infinite diffusion-limited 

processes are identified as b is 1 or 0.5, respectively. In the present case, the 

estimated value of b is 0.696 for the NCS4, 0.635 for the NCS6, 0.572 for 

the NCS8, and 0.536 for the NCS10 (Fig. 3.9), representing the semi-infinite 

diffusion-limited process, along with the transition region that combines 

capacitive and battery properties.  
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Fig. 3.9. The peak current density (iP) of the cathodic peak current of different 

(a) NCS4, (b) NCS6, (c) NCS8, and (d) NCS10 samples.  

Furthermore, the specific capacitance is evaluated from the CV graph 

using the equation, 

Cs = 
∫ 𝑖 𝑑v

𝑚 𝑣 ΔV 
                     (5) 

Where, Cs = specific capacitance (F/g),  

m = mass of active electrode materials (g),  

v = scan rate (mV/s), 

ΔV = potential range (V),  

      idv = integral area of the CV curve. 

The Cs value evaluated at scan rate of 5 mV/s for as-synthesized 

NCS samples NCS4, NCS6, NCS8 and NCS10 samples was F/g, 554.763 

F/g, 419.92 F/g, 768.87, and 810.61 F/g, which decreased to 107.663 F/g, 

85 F/g, 112 F/g and 157.609 F/g, respectively, at a higher scan rate of 100 

mV/s. At a higher scan rate, the OH- ions could not get sufficient time to 

intercalation and deintercalation over the accessible surface of 

nanostructures, and hence specific capacitance was reduced than that of a 

slower scan rate. Moreover, the NCS10 sample offering microflowers 

morphologies consisting of nanoflakes provided a relatively larger surface 
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area and hence delivered higher specific capacitance than the NCS4, NCS6, 

and NCS8 samples. 

3.7.2 Galvanostatic charge-discharge 

 

Fig. 3.10. GCD curve of (a) NCS4, (b) NCS6, (c) NCS8, and (d) NCS10 

samples recorded at various current densities in the range of 2 to 10A/g. The 

2.1, 2.7, 2, and 2 mg mass was loaded to prepare the electrode of NCS4, NCS6, 

NCS8, and NCS10 samples, respectively. 

 

Fig. 3.11 The specific capacitance of (a) NCS4, (b) NCS6, (c) NCS8, and (d) 

NCS10 samples. nanostructure morphologies at various current densities.  
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GCD curves for as-synthesized samples, measured at different 

current densities in the specified potential window, are shown in Fig. 3.8. 

The current density and the charge-discharge time were inversely 

proportional. The Cs values were calculated from the GCD curves using the 

following equation [33], 

Cs =
𝐼 𝑑𝑡

𝑚 𝑑v
                                                                 (6) 

Where, m = mass of loading (g), I = applied current (A), Cs = specific 

capacitance (F/g), and dt/dv = slope of the discharge curve in the GCD. The 

specific capacitance of 1289.512 F/g, 1643.237 F/g, 1861.820 F/g and 

1968.870F/g was gained at current density of 2 A/g for the NCS4, NCS6, 

NCS8 and NCS10 samples, which reduced to 560.439 F/g, 600.09 F/g, 

668.09, and 831.48 F/g at the current density of 10 A/g as shown in 

(Fig.3.11). The maximum specific capacitance of 1968.870F/g was 

observed at 2 A/g current density for the NCS10 sample having 

microflowers consisting of nanoflakes, which might be due to larger 

surfaces being easily accessible for the diffusion of ion deep inside the 

microflowers morphology compared to that of other observed 

morphologies.  

3.7.3 Electrochemical Impedance Spectroscopy (EIS)  

Along with the number of active materials and electrolytes, the 

electrical characteristics, material core, and textural boundaries are crucial 

for the effectiveness of energy storage. The effect of materials and 

electrolyte resistance and the shape of NCS nanostructure on the ion 

diffusion is determined from Electrochemical Impedance Spectroscopic 

(EIS). Fig.3.12 displays the Nyquist plots of representative NCS10 samples 

showing higher specific capacitance in 3M KOH measured over the 

frequency range of 0.1 Hz to 100 kHz. The equivalent circuit diagram is 

shown in the inset. Semicircles at a higher frequency and slightly curved 

lines at a lower frequency are observed. The series resistance (Rs) of 0.820 

Ω and charge transfer resistance (Rct) of 3.879 Ω represents the ease of ion 

transport along the surface of the nanoflakes.  
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Fig. 3.12. Electrochemical Impedance Spectra of NCS10 electrode. Inset 

shows the equivalent circuit diagram observed for fitted data.  

3.7.4 Cyclic stability 

The durability of supercapacitors depends on the cyclic stability. As 

a result, GCD cycle performance was evaluated at a current density of 10 

A/g (Fig. 3.13). After almost 5000 cycles, the specific capacitance of the 

NCS10 sample has a capacitance retention of 88.86% of its initial value. 

This demonstrates that the NCS10 sample is excellent electrode material for 

sable supercapacitive performance. 
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Fig. 3.13. Cycling stability studies of NCS10 electrode for 5000 continuous 

GCD cycles. 

3.7.5 Regone plot  

A comparison of the energy and power densities of the samples is 

made using the Ragone plot (Fig. 3.14). The figure displays the Ragone plot 

for the power and energy densities calculated using equations [45].  

                              E (Wh/Kg) = 
1

2
*Cs*(ΔV)2 /3.6                                           (7) 

                               P (W/Kg) = (E/𝛥t)*3600                                                  (8) 

The maximum power and energy density of 2750 W/kg and 14.254 

Wh/Kg are observed for NCS10 samples, respectively.  

 

Fig.3.14 Ragone plot of the supercapacitor electrode prepared using NCS10 

sample.  
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CHAPTER 4  

Conclusion and Future Scope 

 

Conclusion 

We have successfully synthesized Nickel Cobalt Sulfide nanostructures 

through the hydrothermal method. Surface morphologies of the synthesized 

nanostructures were studied using FESEM image. Transformation of 

nanoparticles into spherical rose-like microflowers of 2D nano-flakes was 

observed with increased time. The existence of Ni, Co, S, and oxygen was 

confirmed by EDS spectra. XPS analysis represents the formation of pure 

stoichiometric NiCo2S4 compounds. The crystallinity of NiCo2S4 was 

confirmed, and the crystal structure was found to be cubic. The surface 

properties, like pore size or volume and specific surface area, were analyzed 

from N2 adsorption and desorption isotherm by BET, and the specific surface 

area was found to be 36.671 m2/g for NCS4, 37.057 m2/g for NCS6, 33.412 

m2/g for NCS8, and 28.163 m²/g for the NCS10, respectively. The 

thermogravimetric analysis (TGA) was performed to examine the 

corresponding reactions and thermal analysis of NiCo2S4. The three-electrode 

system was employed to perform electrochemical measurements to study the 

redox kinetics of the synthesized NCS. The identical form of the CV curves 

indicates typical pseudo-battery behavior. Galvanostatic charge-discharge 

(GCD) was employed to calculate the electrode's specific capacitance. The 

specific capacitance of NCS4, NCS6, NCS8 and NCS10 samples was found to 

be 1289.512 F/g, 1643.237 F/g, 1861.820 F/g, and 1968.870 F/g respectively at 

2 A/g which reduced to 560.439 F/g, 600.09 F/g, 668.09, and 831.48 F/g at 10 

A/g. It also showed excellent cyclic stability even after 5000 cycles at 10 A/g 

and retained at 88.86% of its initial CS. EIS was done to study the electrode 
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processes and showed low charge transfer and diffusion resistance. The 

maximum power and energy density of 2750 W/kg and 14.254 Wh/Kg are 

observed for the NCS10 sample, respectively. Hence, we can conclude that 

Nickel Cobalt Sulfide (NiCo2S4) is an emerging material for high-performance 

supercapacitor electrodes. 

Future Scope 

➢ NCS electrodes will be subjected to two electrode solid state/flexible 

supercapacitor device fabrication for real-time application. 

➢ Due to the synergistic effects, composites of NCS with carbon-based 

materials, transition metal sulfides, conducting polymers, and other 2D 

materials like MXene can be used to boost the electrochemical performance of 

the device.  

➢ Further, the possibility of binder-free electrodes and the application of 

organic electrolytes and ionic liquids can be explored to get a wider potential 

window and higher energy density.  
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