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Abstract

In the present investigation, MoS2 incorporated CuCo2S4 nanocomposite has

been successfully synthesized by a hydrothermal technique. High resolution

transmission electron microscopy imaging demonstrated the successful synthesis

of CuCo2S4-MoS2 nanocomposite. The electrochemical capacitor performance of

the nanocomposite has been evaluated both in three-electrode and symmetric

two-electrode systems. In the three-electrode cell, a specific capacitance of 820

Fg-1 was achieved for CuCo2S4-MoS2 electrode at the current density of 0.5

Ag-1 which is considerably higher than that of CuCo2S4 electrode (249 Fg-1).

It was observed that the charge storage capacity, conductivity and stability of

CuCo2S4 had improved significantly due to the incorporation of MoS2. Finally,

an asymmetric supercapacitor was fabricated by assembling the CuCo2S4-MoS2

electrode with an activated carbon electrode which demonstrated a large stable

working potential window of 1.6 V. A long-term cyclic stability of 89% retention

after 1000 galvanostatic charge-discharge cycles were found. As a solid state device,

it delivered a high energy density of 38.22 Whkg-1 at a power density of 400 Wkg-1

and lit up one red LED for 290 s, indicating its superiority over the conventional

CuCo2S4 based supercapacitors.
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CHAPTER 1

INTRODUCTION

1.1 Background

Over the last few decades, a significant amount of scientific endeavour was been

undertaken for the advancement of high-performance energy storage and conversion

systems to meet the requirement for sustainable and portable power sources [1–4].

Recently, the supercapacitor has emerged as a fascinating electrochemical energy

storage device for automobile and electronic applications owing to its high-power

density, fast charge-discharge rate, large capacity, long lifespan, wide range of

operating temperatures, high-safety performance and low cost [5–7]. However, the

widespread application of supercapacitors has not been possible yet because of their

low-energy density [4, 8–10] since high energy density is essential for long-duration

application like battery. Several recent investigations [9,11] reported that designing

and tailoring the type, morphology and architecture of the electrode material

can be beneficial for improving the energy storage capacity of supercapacitors.

Nevertheless, it is still quite challenging to rationally design novel electrode materials

and improve the energy density without compromising power density.

In recent times, transition-metal sulphides (TMSs) are being investigated as a

promising electrode materials for supercapacitors because of their complex valence

states and large crystal lattice values [5,6]. Notably, TMSs possess higher electrical

conductivity, lower electronegativity and smaller band gap compared to their

oxide counterparts which result in superior electrochemical performance with

favourable redox reactions [6, 12]. Especially, ternary transition metal sulphides

such as NiCo2S4 [9], MnCo2S4 [13], CuCo2S4 [7], ZnCo2S4 [14], FeCo2S4 [15] have

exhibited improved electrical conductivity, enhanced redox sites and enormous

oxidation states owing to the synergistic effect of hetero-metal ions in single

compound. Among them, CuCo2S4 has attracted special attention because of

copper’s natural abundance, low cost and ability to compensate volume expansion

during electrochemical process [7]. However, the electrical conductivity, stability

and specific capacitance of CuCo2S4 electrode are still to be improved for practical

applications. Also, the self-agglomeration along with the volume change at the time

of charge/discharge processes are the major drawbacks of CuCo2S4 which must be

reduced to enhance its electrochemical performance [16–18].
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In this regard, the incorporation of two dimensional (2D) nanomaterials might be

competent strategy to circumvent the obstacle of pure CuCo2S4 having low surface

area and inefficient electrons/ions transport capability [5, 10, 12, 19]. For this, 2D

layered transition metal dichalcogenide, MoS2 with high specific surface area appears

to be a promising candidate owing to its high intrinsic fast ionic conductivity,

large specific capacity of 1504 Fg-1 and ability to prevent self-agglomeration of

CuCo2S4 [20–23]. The sheet like morphology of MoS2 promotes ion insertion between

its layers resulting in high charge storage capacity and large electrochemical double

layer capacitance (EDLC). Additionally, MoS2 possesses notable pseudocapacitance

ability since the central Mo ion has various oxidation states from +2 to +6 [23].

Moreover, owing to the diffusion of the electrolyte ions into the layers of MoS2, it

can provide a faradaic capacitance even at lower scan rates [24, 25]. As a result, it

is highly likely that CuCo2S4-MoS2 will demonstrate enhanced specific capacitance

and improved rate capability owing to the synergistic interaction [26] between

CuCo2S4 and MoS2. Moreover, the presence of S in both CuCo2S4 and MoS2 can

create a strong connection between the individual materials which can improve the

electrochemical stability of the nanocomposite [23]. In addition, the void space

between the layers of MoS2 might help to endure the volume expansion of CuCo2S4

during cycling process [27]. However, the role of MoS2 as a supporting matrix for

CuCo2S4 electrode has not been reported yet.

1.2 Objectives of the Present Study

The main objectives of the investigation with specific aims are as follows:

i. Preparation of CuCo2S4 and CuCo2S4-MoS2 nanocomposite via hydrothermal

method at a suitable reaction temperature.

ii. Determination of crystallographic structure and parameters of the as-prepared

CuCo2S4 and CuCo2S4-MoS2 using powder X-ray diffraction technique.

iii. Analyses of surface morphology and chemical composition of the synthesised

CuCo2S4 and CuCo2S4-MoS2 using field emission scanning electron microscope

imaging technique. Investigation of the crystallinity of the as-synthesised

samples using transmission electron microscope imaging technique.

iv. Investigation of chemical bonding of CuCo2S4 and CuCo2S4-MoS2 by Fourier

transform infrared spectroscopy.

v. Analysis of electrochemical properties of CuCo2S4 and CuCo2S4-MoS2

nanocomposite by cyclic voltammetry, galvanostatic charge-discharge, and
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electrochemical impedance spectroscopy using an electrochemical workstation

in three-electrode and symmetric as well as asymmetric two-electrode systems.

1.3 Outline of the Thesis

This thesis contains the following chapters

i. In this Chapter background, motivation, and objectives of the investigation

were presented.

ii. Chapter 2 is comprised of literature reviews from some previous relevant

works done by different research groups.

iii. Chapter 3 described the methodology of sample preparation and brief

descriptions of characterisation techniques used to determine various

properties.

iv. Chapter 4 presented results and discussion in detail.

v. Chapter 5 provided a summary of the research findings with concluding

remarks.



CHAPTER 2

LITERATURE REVIEW AND THEORETICAL ASPECTS

In this chapter, initially, the morphology, crystallinity, and electrochemical

performance of CuCo2S4 were discussed. Later on, the composites of CuCo2S4 and

their electrochemical properties were presented.

2.1 The CuCo2S4 as Electrode Material

Implementation of CuCo2S4 as an electrode material for the electrochemical

capacitor is new even though significant research was carried out on copper

containing ternary-metal sulphide [28, 29]. Since the electrochemical performances

of CuCo2S4 were affected by the particle size, morphology, structure, and storing

charges in the surface, CuCo2S4 materials with plenty of mesopores and small

particle sizes were favoured to use as electrode material [30–34]. Different research

groups had taken different approaches to improving the morphology, crystallinity,

conductivity, capacity, and stability of the CuCo2S4 [35–38].

A number of previous investigations [30, 33, 34] had concluded that the reaction

medium had a considerable impact on the degree of crystallinity of CuCo2S4. In

2016, Tang et al. [30] reported the effect of crystallinity on the electrochemical

performance of CuCo2S4. The authors observed that synthesis of CuCo2S4 in

different solvents showed the highest degree of crystallisation for CuCo2S4-Water

followed by CuCo2S4-Glycol and CuCo2S4-Glycerol. The low viscosity of water

helped the crystal growth process in water than glycerol and glycol [31]. Scanning

electron microscopy imaging revealed that all the samples in different solvents

had similar morphologies comprising numerous irregular nanoparticles, as shown

in Fig. 2.1. However, it was reported that CuCo2S4-Glycerol (Fig. 2.1 (b)) had

less agglomeration than those of CuCo2S4-Glycol (Fig. 2.1 (a)) and CuCo2S4-

Water (Fig. 2.1 (c)). Brunauer–Emmett–Teller (BET) analysis also confirmed that

CuCo2S4-Glycerol had the highest specific surface area and CuCo2S4-Water had

the lowest (Fig. 2.1 (d)). Hence, it is clear that, a solvent need to be modified to

synthesis CuCo2S4 with good crystallinity and morphology.

Analysing cyclic voltammetry and galvanostatic charge-discharge, shown in Fig. 2.2

(a and b), Tang et al. [30] also revealed that the CuCo2S4-Glycol, which obtained

the highest capacitance (5030 Fg-1 at a current density of 20 Ag-1). In comparison,

the capacitance of CuCo2S4-Water was much smaller (2602 Fg-1 at current density
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Fig. 2.1 Scanning electron microscopy images of (a) CuCo2S4-Water, (b) CuCo2S4-
Glycol and (c) CuCo2S4-Glycerol ; (d) Nitrogen adsorption/desorption isotherms of
CuCo2S4-Water, CuCo2S4-Glycol and CuCo2S4-Glycerol [30].

of 20 Ag-1) owing to the serious agglomeration and small specific surface area.

Electrochemical impedance spectroscopy (Fig. 2.2 (c)) also demonstrated that all

the materials had low internal resistance indicating a high ion transfer and diffusion

rate. However, the cyclic stability (Fig. 2.2 (d)) of CuCo2S4-Glycol, which had

the highest specific specific capacitance than others, suffers from mediocre cyclic

stability. The electrochemical performance was analysed in polysulphide electrolyte

which is expensive, environment unfriendly. Even though it showed the potential

of CuCo2S4 as electrode material, the practical application is not feasible by this

electrolyte.

Zhu et al. [33] reported in 2017 that morphology and particle size affect the

electrochemical performance, which solvent might regulate. In that study, CuCo2S4

was synthesized in water (CuCo2S4-water), a mixture (1:1) of water and ethylene

glycol (CuCo2S4-water/EG), and a high concentration mixture (1:1) of water

and ethylene glycol (CuCo2S4-water/EG (HC)). According to the morphological

study, materials of CuCo2S4-water had a higher particle size than that of CuCo2S4-

water/EG. The particle size was also more uniform for CuCo2S4-water/EG than that
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Fig. 2.2 (a) Cyclic voltammetry curves at 5 mVs-1, (b) galvanostatic charge-
discharge curves at 20 Ag-1 and (c) electrochemical impedance spectroscopy plots of
CuCo2S4-Water, CuCo2S4-Glycol and CuCo2S4-Glycerol; (d) cycling performances
of CuCo2S4-Glycerol electrode at 70 Ag-1 for 2000 cycles [30].

of CuCo2S4-water. It was reported that mild mixed solvent (EG/H2O) decreased

the reaction rate compared to pure solvent (H2O), resulting in superior morphology

and uniform particle size formation. Furthermore, the surface analysis also revealed

that CuCo2S4-water/EG had the highest surface area and total pore volume than

CuCo2S4-water. So, it is prominent that, to obtain a better morphology of CuCo2S4,

a mixture of solvent is need to be used in synthesis process.

Zhu et al. [33] also reported that the electrochemical performance of CuCo2S4-

water/EG was also higher than that of CuCo2S4-water. The comparison of specific

capacitance and cyclic stability is shown in Fig. 2.3. The higher specific surface

area of CuCo2S4-water/EG offered more electrochemical active sites for the faradaic

redox reaction process, leading to the improvement of the specific capacity. Despite

that, all the samples showed significantly low storage capacity than the samples

reported previously in Ref. [30]. At the same time, cyclic stability also suffered due

to poor morphology.
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In addition, it was also reported by Zhu et al. [33] that the increasing concentration of

the precursor during the synthesis also increased the particle size and agglomeration.

As a result, the particle size of CuCo2S4-water/EG (HC) was larger than the other

two samples. This poor morphology of CuCo2S4-water/EG (HC) greatly reduced

the electrochemical performance. The comparison of specific capacitance and cyclic

retention among CuCo2S4-water, CuCo2S4-water/EG, CuCo2S4-water/EG (HC)

were shown in Fig. 2.3. Therefore, it can be presumed that a proper solvent ratio

is required to improve the performance of CuCo2S4.

Fig. 2.3 (a) The specific capacitance of the as-prepared three CuCo2S4 electrodes
(b) The cycling stability of the as-prepared three CuCo2S4 electrodes at a current
density of 3 Ag-1 [33].

In an investigation of 2019, Zequine et al. [34] reported that morphology greatly

depends on volume ratio of solvent contents. It was found that the synthesis

of CuCo2S4 using 100 vol% water (CuCo2S4 (Water)), 50/50 vol% water/ethanol

(CuCo2S4 (Water/Ethanol)) and 100 vol% ethanol (CuCo2S4 (Ethanol)) resulted in

different types of morphology as observed from the scanning electron microscopy

images shown in Fig. 2.4. The investigation suggested that the dependence of the

morphology on the solvent could be due to the difference in the polarity of the

solvent. The effect of solvent polarity on the morphology of the synthesised materials

was also observed in different materials [39–41]. In addition, it was reported that

crystal size had also been affected by the solvent ratio and particle size of CuCo2S4

(Water/Ethanol) had the smallest average crystal size. The effect of solvent over the

charge storage capacity of the synthesised material was also reported, and CuCo2S4

(Ethanol) showed a higher charge capacity and longer discharge capability than

the other two materials. The mixed solvent showed the lowest electrochemical

performance due to it’s poor morphology. So, a suitable solvent ratio is required to

improve the morphology and hence electrochemical performance of CuCo2S4.
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Fig. 2.4 Scanning electron microscopy image of (a) CuCo2S4 (Water) (b) CuCo2S4

(Water/Ethanol) and (c) CuCo2S4 (Ethanol) [34].

The crystallinity and morphology of CuCo2S4 could also be affected by the

reaction temperature. In 2018, Guo et al. [42] used a two-step hydrothermal

approach to synthesis CuCo2S4 at room temperature (CCS-RT), 100 ◦C (CCS-100),

150 ◦C (CCS-150), and 200 ◦C. CuCo2S4 formed at room temperature had a

typical amorphous structure, however, crystallinity of CuCo2S4 had increased as

hydrothermal temperature increased. All materials had a morphology of spherical

clusters comprising multiple nanorods (Fig. 2.5 (a-f)), while sample CCS-200 has

nanorods and nanoplates coexisted as it can be seen in Fig. 2.5 (g,h). When the

reaction temperature was as high as 200 ◦C, the nanorods were self-assembled into

nanoplates during the hydrothermal process. Furthermore, CCS-150 revealed just

single nanorods with a noticeable porous shape due to volume expansion during

the sulfidation process. According to the Arrhenius equation [43], the reaction

temperature greatly influenced the reaction velocity. As a result, the reaction

temperature influenced the crystallinity of CuCo2S4. Since the reaction temperature

was not optimised, the resultant samples had poor morphology.

It was also reported by Guo et al. [42] that as the hydrothermal temperature

rises, the specific capacitance (Fig. 2.6) rises as well, indicating that improving the

crystallinity of CuCo2S4 materials resulted in improved electrochemical performance.

In general, electrode materials with a high crystallinity would have high conductivity

and strong structural stability, which are two crucial characteristics of an ideal

electrode material [44]. However, CCS-200 had an abnormally low specific

capacitance, which could be due to self-assembly during the high-temperature

hydrothermal process. Because nanorods had a larger surface area than nanoplates,

microspheres made up of nanorods had more electrochemical active sites and a

bigger electrode-electrolyte contact area [45,46]. Also the samples showed low cyclic

stability due to poor morphology. Hence, a reaction temperature is required to be

optimised to get a better morphology and electrochemical performance.
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Fig. 2.5 Scanning electron microscopy images of CuCo2S4 materials under different
magnifications, (a,b) CCS-RT, (c,d) CCS-100, (e,f) CCS-150, (g,h) CCS-200 [42].

Based on the above discussions, it was observed that without proper solvent, solvent

ratio and optimising reaction temperature, CuCo2S4 suffers from poor crystallinity

and surface morphology resulting in poor electrochemical performance. It is well

established [47–49] that CuCo2S4, synthesised in a hydrothermal method in a solvent

(mixture of tert-butyl alcohol and deionized (DI) water) at the reaction temperature

of 180 ◦C, showed better crystallinity, structural stability and morphology. In this

investigation, these reaction condition was strictly followed to synthesis CuCo2S4

and use the as-synthesized material for characterisation.
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Fig. 2.6 Temperature dependence of specific capacitance of CuCo2S4 electrodes
with increasing current density [42].

2.2 The Composite of CuCo2S4 Based Electrode

Despite various research to improve the electrochemical activity of CuCo2S4,

low conductivity, accessible surface area, and permanent volume changes during

charging-discharging (resulted in short cyclic stability) made it less suitable for

application in energy storage devices. An effective way to improve the performance

of CuCo2S4 would be to synthesize a composite comprised of CuCo2S4 and different

types of material such as highly conductive carbon material (i.e., graphite, carbon

nanotubes (CNTs), graphene, graphene quantum dots, etc.), energy storage material

(NiCo2S4, Li-ion battery) and 2D transition metal dichalcogenides (i.e., MoS2,

WS2,VS2, SnS2).

In 2019, Tian et al. [50] reported that graphene could act as a skeleton for

CuCo2S4 and improve the electrochemical performance. In that investigation,

CuCo2S4/graphene composite was successfully synthesized by anchoring CuCo2S4

nanoparticles in graphene aerogel (GA). The graphene (Fig. 2.7 (a)) not only offered

a conductive framework but also prevented CuCo2S4 nanoparticles from aggregating,

as can be seen in Fig. 2.7 (b and c). The synthesized CuCo2S4 without GA, on the

other hand, exhibited severe aggregation and was shown in the inset of Fig. 2.7 (c).

Furthermore, CuCo2S4/GA had a greater specific surface area than CuCo2S4 and

the electrochemical activity increased as the crystallinity, shape, and specific surface

area improved. According to the cyclic voltammetry and galvanostatic charge-

discharge, the CuCo2S4/GA electrode had superior charge transfer kinetics due to
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Fig. 2.7 Scanning electron microscopy image of (a) GA, (b-c) CuCo2S4/GA, and
in the inset of (c) CuCo2S4 [50].

the synergistic effects of CuCo2S4 and GA. Despite improving specific capacitance,

the cyclic stability remained to be poor. So, it can be seen that a graphene like

structure might help to improve the electrochemical performance of CuCo2S4.

Another type of composite that could improve the electrochemical activity would

be the combination of CuCo2S4 and other energy storage like electrode materials

such as sulphides, oxides, transition metal hydroxide, etc. In 2019, Ma et al. [51]

investigated CuCo2S4@NiCo2S4 coreshell nanostructures on Ni foam synthesised

via hydrothermal method. The resultant surface morphology was unique as a

nanoneedle array was grown on Ni foam to form a microporous structure. The

CuCo2S4 nanoneedle array served as a substrate for the formation of NiCo2S4

nanosheets, and the structure of the CuCo2S4 nanoneedles was not changed even

after the composite synthesis reaction was completed. As a result, the specific

surface area and total pore volume increased, creating more active sites for redox

reactions and ion transport [52]. It is evident that the synthesis process is complex

and time consuming.

Tian et al. [51] also reported that in comparison to the CuCo2S4 and NiCo2S4

electrodes, the CuCo2S4@NiCo2S4 composite electrode exhibited higher current

density (Fig. 2.8 (a)), improved charging-discharging capability (Fig. 2.8 (b)), high

ion transfer rate (Fig. 2.8 (c)), higher specific capacitance (Fig. 2.8 (d)), improved

stability (Fig. 2.8 (e)), and capacity retention (Fig. 2.8 (f). For the improvement

in electrochemical performance, it had been suggested that the following factors

were responsible: the growth of composite material directly on the Ni foam,

the synergistic effect of NiCo2S4 nanosheets and CuCo2S4 nanoneedle arrays, the

high electrical conductivity of the CuCo2S4 nanoneedles arrays, and the improved

diffusion path of CuCo2S4@NiCo2S4 structure. As a result, the composite presented

excellent electrochemical performances owing to the synergistic effect. So it can be
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concluded that the electrochemical performance of a composite can be improved

when the constituent are well connected with each other. However, a facile and

energy efficient method is expected for the synthesis of the materials.

Xu et al. [53], in an investigation of 2018, controllably synthesised 3D hierarchical

porous CuCo2S4/CuCo2O4 heterostructures via anion exchange method and the

mesoporous structure was also tuned via changing the amount of sulphide agent

(TAA) during the anion exchange process. Six samples of CuCo2S4/CuCo2O4-x

(x=0, 1, 2, 3, 4, 5) heterostructures were prepared with increasing feeding TAA

amount of 0, 0.25, 0.5, 0.75, 1 and 1.5 mmol, respectively. The morphological study

revealed that during the anion exchange process, the surface of the CuCo2O4 flowers

became rough and formed a porous network consisting of the interconnected hetero-

CuCo2S4/CuCo2O4. Even with the different S concentrations, all the composites

had a similar flower shape structure (Fig. 2.9 (a-d)).

The electrochemical performance also increased for the composites as reported by

Xu et al. [53]. Compared with the CuCo2S4/CuCo2O4 heterostructures electrodes,

Fig. 2.8 (a) Cyclic voltammetry curves at scan rate of 5 mVs-1; (b) Galvanostatic
charge-discharge curves at a current density of 1.0 Ag-1; (c) Nyquist plots of
CuCo2S4@NiCo2S4, CuCo2S4, and NiCo2S4 electrodes in 3 M KOH; (d) Cyclic
voltammetry curves of the CuCo2S4@NiCo2S4 composite at different scan rates
in 3 M KOH; (e) The specific capacity of CuCo2S4 nanoneedles arrays, NiCo2S4

nanosheet array and composite structure at various current densities, respectively;
(f) The cyclic performance of CuCo2S4@NiCo2S4 composite structure at the current
density of 8 Ag-1 for 5000 continuous cycles [51].
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pure CuCo2O4 based electrode showed a lower specific capacity, and with the

increasing S concentration, the specific capacities increased accordingly. The

superior electrochemical performances of CuCo2S4/CuCo2O4 heterostructures were

attributed to the large surface area and increased conductivity, which endowed a

rich contact interface of electrode/electrolyte (Fig. 2.10 (a-c). However, the specific

capacitance also decreased after a certain concentration of S. It was inferred that

the internal structure collapsed at a high concentration of S. The inner pore volume

and surface area decreased, leading to inferior electrochemical performance. Similar

activity was also observed in charging-discharging (Fig. 2.10 (d)), ion transfer

(Fig. 2.10(e)), and cyclic stability (Fig. 2.10 (f)). This could be due to the lack of

strong interconnection between CuCo2S4 and CuCo2O4. As a result it is necessary

to create a strong connection between the materials during the synthesis of this

composite.

Fig. 2.9 Morphological evolution of the 3D flower-like CuCo2S4/CuCo2O4 with
increasing feeding amount of TAA. (a–d) Scanning electron microscopy images of
the mesoporous CuCo2S4/CuCo2O4-0, CuCo2S4/CuCo2O4-1, CuCo2S4/CuCo2O4-4
and CuCo2S4/CuCo2O4, respectively [53].

Based on the above discussion, it could be concluded that electrochemical

performance of CuCo2S4 can be significantly improve by incorporating with other

materials. To enhance the electrochemical performance of CuCo2S4 electrode,

incorporating two dimensional (2D) nanomaterials having high specific area as a

supporting matrix appears to be an effective design strategy [5, 10, 12, 19]. To

date, 2D transition metal dichalcogenides such as MoS2 [21], SnS2 [54], WS2

[55], VS2 [56] have been reported as promising redox-active materials for storing

charges via double layer ion-adsorption [57]. In particular, 2D layered MoS2 has

demonstrated promising electrochemical performance because of its highly versatile

electronic structure, availability of various possible oxidation states, large in-plane

electronic conductivity, and high surface area [20–22]. Since MoS2 contained many

advantages in electrochemical studies like large surface area, which favoured the

double-layer capacitance, and the Mo edges were active for redox reactions, which

provided additional capacitance through pseudocapacitive reaction. Therefore, in

this investigation MoS2 was incorporated with CuCo2S4 to explore the structural,

morphological and electrochemical properties.
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Fig. 2.10 Electrochemical performances of the samples for supercapacitors. (a)
Cyclic voltammetry curves at a scan rate of 10 mVs-1 for all the samples.
(b) Galvanostatic charge-discharge curves at a current density of 1 Ag-1 for
all the samples. (c) Specific capacity versus feeding amount of TAA at 1
Ag-1 (d) electrochemical impedance spectroscopy spectra of the 3D flower-like
CuCo2S4/CuCo2O4 electrodes. (e) The specific capacities of the 3D flower-like
CuCo2S4/CuCo2O4 electrodes at different current density. (f) Cycling performance
at a current density of 20 Ag-1 [53].

2.3 Fundamental of Electrochemistry in Energy Storage

Electrochemical energy storage system basically stores electric energy in chemical

form. This storage technique is highly efficient because both electrical and chemical

energy share electron as the same carrier. This common point allows to limit the

losses due to the conversion from one form to another. A typical electrochemical

energy storage system is consisted of an anode, a cathode, a separator, and an

electrolyte. During charging-discharging, an external voltage is applied across the

electrodes and electrochemical reactions occur at the electrodes generating electrons

that flow through an external circuit. Typical electrochemical energy storage

systems include batteries and supercapacitors, both of which store electricity in

electrochemical processes.

2.3.1 Supercapacitor

Supercapacitors are energy storage devices with high energy density, power density,

and cycle life. It is also known as electrochemical capacitors or ultracapacitors.

Supercapacitors can charge and discharge quickly, resulting in a high-power delivery

in a short period of time, owing to the use of materials with a large surface area

and high porosity and superior conductive substances. Because of the short charge-
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discharge time, which results in high power density, they are increasingly used in

portable gadgets, automobiles, buses, trains, cranes, and elevators [58–60].

2.3.2 Mechanism of supercapacitor

Like a dielectric capacitor, the charge does not accumulate on two conductors

separated by a dielectric in an electrical double layer capacitor. Instead, the

charge builds in the electric double layer at the interface between the surface of

a conductor and an electrolyte solution. When charged, in the electrolytes, the

negative ions diffuse to the positive electrode and the positive ions diffuse to the

negative electrodes. Because the double layer capacitor does not involve chemical

reactions, supercapacitors have a prolonged charge and discharge life cycle. Apart

from the capacitance contribution from charge separation in the double layer,

capacitance associated with reactions on the electrode’s surface is also significant.

During these processes, electrons are transferred across the double layer, resulting in

oxidation state changes. Thus, the capacitance from the faradaic process is referred

to as pseudo-capacitance. The next paragraphs go through the essential difference

among double-layer capacitor, pseudo-capacitor and hybrid capacitor in detail.

2.3.2.1 Electrochemical double-layer capacitor

In the case of EDLC, charges are stored as ions adsorbed at electrode/electrolyte

interfaces via electro-static interactions as can be seen in Fig. 2.11. If the electrode is

negatively charged (i.e., charged with electrons), the electrostatic attraction between

the negative charged electrons near the electrode surface and the cation in the

electrolyte attracts them. A layer, called inner Helmholtz layer (IHL), is formed

when the first anchoring cations align with each other and create a compact and

ordered layer. The second layer, termed the outer Helmholtz layer (OHL), is made

up of counter ions (in this case, anions) that are drawn to the ions in the IHL

anions pack more loosely and disordered in the OHL than cations do in the IHL.

Because of the dielectric nature of the solvent and solvation sheaths surrounding

the counter ions, the electrostatic attraction force imposed by the counter ions is

diminished. The IHL and the OHL together are termed “electrical double layer”.

Electrons are stored at the electrode-electrolyte contact in EDLs. Increasing the

ion-accessible surface area of an electrode can generally increase the magnitude of

electrical double layer capacitance.
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Fig. 2.11 Schematic of electrochemical double-layer capacitor structure.

2.3.2.2 Pseudo-capacitor

The basis of pseudo-capacitor is faradaic reaction, and it differs from the classical

electrostatic capacitance seen in the double layer. The pseudo-capacitive reactions

are usually considered to be divided into three groups: [61] under-potential

deposition, near-surface redox reaction and fast ion insertion and extrusion that

trigger no phase transitions. Electrodeposition of a species at a potential lower than

its predicted reduction potential is known as under-potential deposition (Fig. 2.12

(a)). The deposition of lead (Pb) thin films onto gold (Au) substrates is a good

example [61].The most prevalent type of pseudo-capacitive reaction is the near-

surface redox reaction ((Fig. 2.12 (b)). On the surface of some pseudo-capacitive

materials, redox chemical reactions store electrons by changing the valence state of

the active site(s). In this situation, electrons are trapped in the near-surface region

of the electrode as lower valence states of pseudo-capacitive sites. The protonation

and deprotonation of ruthenium dioxide (RuO2) is a good example. A form of

pseudo-capacitive process known as fast ion insertion-disinsertion was demonstrated

in Fig. 2.12(c). It is similar to how lithium-ion batteries use ion intercalation and

deintercalation operations. The distinction between a battery-type reaction and a

capacitive reaction is whether the process produces a phase transition(s). The phase

of related electrode materials should not be altered by pseudo-capacitive processes.

Guest ions must be hosted in layered structures in electrode materials that exhibit

this activity.
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Fig. 2.12 Three typical types of pseudo-capacitive reactions. (a) Under-potential
deposition: electro-deposition of Pb thin films onto Au substrate. (b) Near-surface
redox reactions: protonation and de-protonation of RuO2 in aprotic electrolytes. (c)
Fast ion insertion-deinsertion.

2.3.2.3 Hybrid capacitor

The hybrid capacitor, which is a combination of EDLC and pseudocapacitor,

provides better performance than the individual. Energy is stored in EDLC using

intrinsic shell area and atomic charge partition length [62]. In a pseudocapacitor,

energy storage is achieved through quick reproducible redox reactions between active

electrode material and an electrolyte solution [63]. The energy storage mechanism

of hybrid capacitors is made up of the combination of these two storage techniques.

Half of the hybrid capacitor functions as an EDLC, while the other half functions as a

pseudocapacitor. In comparison to the standard EDLC and pseudocapacitor, hybrid

capacitors have higher energy and power densities. This promotes their application

in energy efficient systems over other energy storage technologies [64].



CHAPTER 3

MATERIALS AND METHODS

In this chapter, the preparation of CuCo2S4-MoS2 nanocomposite using a facile

hydrothermal technique is presented. After that, various techniques, which were

used to investigate the structural and morphological properties of CuCo2S4-MoS2 are

described. Finally, to illustrate the electrochemical performance of CuCo2S4-MoS2,

different methods and setups that were used for this investigation are discussed.

3.1 Sample Preparation

The synthesis route for the CuCo2S4-MoS2 nanocomposite is presented in Fig. 3.1.

Fig. 3.1 Schematics of the synthesis steps of CuCo2S4-MoS2 nanocomposite using
a hydrothermal technique.

3.1.1 Synthesis of nanostructured CuCo2S4

Nanostructured CuCo2S4 was synthesised by adopting a hydrothermal technique

[65]. Initially, 1 mmol of Cu(NO3)2.3H2O, 2 mmol of Co(NO3)2.6H2O, and 9 mmol

of CH4N2S were dissolved in 50 mL 1:1 (v/v) solution of tert-butyl alcohol and

deionized (DI) water. The resultant mixture was then magnetically stirred for 1

hour to get a homogeneous solution. Afterward, NH4OH was added drop wise into

the solution to obtain a pH of 10 and was stirred for another 1 hour. Further, the
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solution was moved to a teflon-lined stainless-steel autoclave. It was heated at a

temperature of 180 ◦C for 12 hours and then was naturally cooled down to room

temperature (RT). The resultant product was washed with ethanol and DI water

for several times to remove any residual solvent. Finally, nanostructured CuCo2S4

was obtained by drying the product at 100 ◦C in vacuum.

3.1.2 Synthesis of CuCo2S4-MoS2 nanocomposite

To synthesise the CuCo2S4-MoS2 nanocomposite, at first, raw MoS2 powder was

cleaned via ultrasonication for 15 minutes. Then, a facile hydrothermal technique

was adopted to incorporate the ultrasonicated MoS2 with previously synthesised

nanostructured CuCo2S4 [66]. Initially, 200 mg of CuCo2S4 and 20 mg of MoS2

(10% w/w) were dissolved in 50 mL DI water and stirred for 3 hours. Afterward,

the solution was inserted in the autoclave which was heated at 150 ◦C for 12 hours

and then, naturally cooled down to RT [66]. Next, centrifugation was performed

(Hettich Universal 320), followed by rinsing with DI water and ethanol. Finally, the

purified solution was dried at 100 ◦C for 12 hours in vacuum to obtain the desired

CuCo2S4-MoS2 nanocomposite.

3.2 Structural Characterisation Techniques

In the following subsections, the techniques that were adopted to determine the

structural properties of CuCo2S4-MoS2 nanocomposite are described.

3.2.1 X-ray diffraction

The structural properties of CuCo2S4 and CuCo2S4-MoS2 were first investigated

via the X-ray diffraction (XRD) analysis. XRD is an analytical technique that

may be used to determine the phase of a crystalline material as well as unit cell

dimensions [67]. The constructive interference of monochromatic X-rays with a

crystalline substance is the basis of XRD. A cathode-ray tube produces the X-rays,

filtered to produce monochromatic radiation, collimated to concentrate the beam,

and aimed onto the sample. As X-rays are waves of electromagnetic energy, and

crystals are regular arrays of atoms, X-rays are scattered by atoms, largely through

their electrons. When an X-ray collides with an electron, secondary spherical waves

emerge from the electron. This phenomenon is known as elastic scattering, and

the electron is known as the scatterer. The scatterers in a regular array produce a

regular array of spherical waves. Although destructive interference cancels out these

waves in most directions, Bragg’s law determines the selected direction in which

constructive interference generate.
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Fig. 3.2 Schematic illustration of X-ray diffractometer instrument.

In a crystalline material, this rule relates the wavelength of electromagnetic

radiation to the diffraction angle and lattice spacing. Each scatterer re-radiates

a portion of its intensity as a spherical wave because of the incoming beam (seen in

Fig. 3.2, originating from the upper left). These spherical waves will only produce

constructive interference in directions where path-length difference 2dsinθ equals an

integer, n, multiple of the wavelength if scatterers are arranged symmetrically with

a separation, d. In that situation, a reflection appears in the diffraction pattern

because an angle of 2θ deflects a portion of the incoming beam. The detected,

processed, and counted diffracted X-rays are next analysed. Due to the random

orientation of the powdered material, scanning the sample through a range of 2θ

angles should yield all potential lattice diffraction directions. Because each crystal

has its own set of d-spacings, converting the diffraction peaks to d-spacings enables

XRD to material identification. The crystal structures of the as-prepared CuCo2S4

and CuCo2S4-MoS2 were investigated by obtaining their powder XRD patterns using

a diffractometer (Rigaku SmartLab) with a Cu X-ray source (wavelength, λ: Kα1 =

1.54059 Å and Kα2 = 1.54180 Å).
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3.2.2 Rietveld refinement

To find out crystalline structure, phase, and unit cell parameter, experimentally

acquired XRD data of CuCo2S4 and CuCo2S4-MoS2 were extensively analysed via

Rietveld refinement method. Hugo Rietveld [68, 69] invented this technique for

characterising crystalline materials. Powder sample’s diffraction with neutrons and

X-rays produces a pattern with reflections (intensity peaks) at certain locations.

Many elements of the material’s structure can be deduced from the height, width,

and position of the peaks. In Rietveld refinement, model parameters represent

distinct profile elements and can be split into three groups. First, the set of

characteristics that govern crystal symmetry (space group), unit cell parameters,

atomic locations, site occupancy, and displacements. The background parameters

are the second set of parameters. Background sources include inelastic or incoherent

scattering from the sample and its environment, electronic noise, and other undesired

sources. Because the background scattering changes slowly with scattering angle,

the Bragg peaks can generally be distinguished from the background. The third set

of parameters describes the forms of Bragg peaks.

The Rietveld refinement is guided numerically using agreement indices, or R values

[70]. The quantity minimized in the refinement is the residual Sy

Sy =
∑
i

Wi [yi(obs)− yi(cal)]
2 (3.1)

Where yi(obs) is the observed intensity at step i, yi(cal) is the calculated intensity and

wi is the weight. This quantity is included in the weighted–profile R value, Rwp,

which is defined as,

Rwp =

{
wi [yi(obs)− yi(cal)]

2

wi [yi(obs)]
2

} 1
2

(3.2)

Ideally, Rwp should approach the statistically expected R value, Rexp,

Rexp =

[
N − P∑N

i wiyi(obs)2

] 1
2

(3.3)

Where N is the number of observations and P is the number of parameters. The

goodness of fit is,

χ2 =

(
Rwp

Rexp

)2

(3.4)

In this investigation, the crystallographic parameters and phase of CuCo2S4 and

CuCo2S4-MoS2 were analysed quantitatively by Rietveld refinement of powder XRD
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patterns using the X’Pert High- Score Plus software package.

3.3 Morphological and Elemental Composition Analyses Techniques

The techniques that were used to study surface morphology, crystallinity, elemental

and chemical composition of CuCo2S4 and CuCo2S4-MoS2 are discussed in the

following subsections.

3.3.1 Field Emission Scanning Electron Microscopy

As discussed in chapter 2, surface morphology plays an important role in regulating

electrochemical performance. To investigate the surface morphology of CuCo2S4 and

CuCo2S4-MoS2 Field Emission Scanning Electron Microscopy (FESEM) technique

was used. FESEM analysis uses a focused electron beam to obtain complex,

high magnification images of a sample’s surface topography. FESEM images have

a broad depth of field due to the narrow electron beam, giving them a three-

dimensional appearance essential for studying sample surface structure [71]. The

signals produced by a FESEM come from the electron beam’s interaction with

atoms at varying depths within the sample. The schematic of the FESEM is shown

in Fig. 3.3.

Fig. 3.3 Schematic diagram of a Field Emission Scanning Electron Microscope.



23

An electron beam thermionically emits from an electron gun in a FESEM. One or two

condenser lenses focus the electron beam to a point. The beam passes via scanning

coils or deflector plates in the electron column, often in the last lens, deflecting the

beam in the x and y axes. The interaction volume is a teardrop-shaped volume

of the specimen that extends into the surface. The interaction volume depends on

the electron’s landing energy, the specimen’s atomic number, and the density of the

sample. The energy exchange between the electron beam and the sample results

in high-energy electron reflection, secondary electron emission, and electromagnetic

radiation emission, all of which can be detected by specialised detectors. Secondary

electrons have low energies that limit their mean free route in solids. As a result,

secondary electrons can only escape from the surface of a sample. The secondary

electron signal is extremely localised at the initial electron impact point, allowing

for 1 nm resolution imaging of the sample surface. A beam of electrons, called

Back-Scattered Electrons (BSE), is reflected from a material using elastic scattering.

Because BSEs have larger energy than secondary electrons, they come from deeper

regions inside the object, reducing imaging resolution. Because the intensity of the

BSE signal is directly associated with the specimen’s atomic number (Z), BSE is

frequently utilised in analytical FESEM and X-ray spectra. BSE images can reveal

the distribution but not the identity of components in a sample. When an electron

beam removes an inner shell electron from a sample, a higher-energy electron fills

the shell and releases energy. Energy-dispersive X-ray (EDX) spectroscopy can

measure the energy or wavelength of these specific X-rays to identify and map the

number of elements in the sample. The generated image is a distribution map of

the strength of the signal emitted from the scanned area of the specimen. Various

electronic amplifiers increase the signals, which appear as brightness differences on a

computer monitor. Hence, XRD and EDX pattern is obtained. In this investigation,

surface morphology and elemental composition of CuCo2S4 and CuCo2S4-MoS2 were

investigated using a field emission scanning electron microscope (JEOL, JSM-7600F,

Japan). At first the powder sample was taken in a cupper tape which is actually

consists of three layers, the lower one is a copper layer, the middle one is a carbon

tape and the upper one is the copper tape where the sample was adhered. Then the

sample was coated with platinum by ion sputtering method in auto fine coater for

about 40 seconds. A 10 nm layer of platinum is coated upon the sample. Then the

cupper tape is mounted on a holder in the specimen chamber and inserted in the

FESEM.
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3.3.2 Transmission Electron Microscopy

To further investigate the morphology, crystallinity of CuCo2S4 and CuCo2S4-MoS2,

Transmission Electron Microscopy (TEM) analysis was carried out. In TEM, a

beam of electrons is passed through a material, and their interaction produces an

image. Because electrons have a shorter de Broglie wavelength, TEM can produce

an image at a far higher resolution than light microscopes. This allows the device to

capture extremely fine detail, even down to a single atom column. The two primary

operating modes of a TEM, imaging and diffraction modes, are shown in Fig. 3.4.

The specimen is illuminated by an electron beam shaped by condenser lenses and

condenser aperture in both cases. After interaction with the sample, the specimen

has two sorts of electrons: unscattered and scattered. The objective aperture is in

the back focus plane (where diffraction spots are formed). The transmitted electrons

pass through the objective aperture while all others are blocked, resulting in a

bright-field image, and a dark field image is created when a diffracted beam signal is

allowed. Intermediate and projector lenses magnify and project the selected signal

Fig. 3.4 Schematic view of imaging and diffraction modes in TEM.
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on a screen, and a sample image is obtained. In diffraction mode, an aperture

can be utilised to narrow down the specimen region from which the signal will be

presented. It is projected on a screen by altering the current to the intermediate

lens. It can be used to determine crystal orientation. High-resolution Transmission

Electron Microscopy (HRTEM) is a technique that uses specialised transmission

electron microscopes to image sample’s atomic structure. Images develop when a

field emission source interacts with a uniformly sized specimen [72]. In a Selected

Area Electron Diffraction (SAED), a diffraction pattern can be created by placing

the magnetic lenses’ rear focal plane on the imaging equipment rather than the

imaging plane. A single crystal picture is a pattern of dots, while a polycrystalline or

amorphous solid material image is a series of rings. In the case of single crystals, the

diffraction pattern is determined by the specimen’s orientation and structure. Since

the resolution of a TEM is better than that of a FESEM, in this investigation, TEM

(Talos F200X, Thermo fisher scientific, USA) imaging was carried out to investigate

the crystals as well as to check the crystallinity of CuCo2S4 and CuCo2S4-MoS2 by

analysing SAED pattern and HRTEM imaging.

3.3.3 Fourier Transform Infrared Spectroscopy

In this investigation, Fourier Transform Infrared Spectroscopy (FTIR) (Shimadzu,

IRSpirit-T) analysis was carried out to find out the chemical structure of CuCo2S4

and CuCo2S4-MoS2. Using Fourier transformation, the method of collecting and

converting data from an interference pattern (due to the presence of chemical bonds

in a material) to a spectrum is referred to as FTIR [73]. FTIR is the most effective

method for identifying compounds. It can be used to analyse solids, liquids, and

gases and quantify some components of an unknown mixture. It is a useful method

for recognising different chemical bonds in a molecule by a molecular fingerprint in

the form of an infrared absorption spectrum. The chemical bond determines the

wavelength of light it absorbs. Also, depending on the elements and the type of

bond, molecular bonds vibrate at different frequencies.

The FTIR spectrometry technique was created to address the limitations of

dispersive instruments. The slow scanning process approach for detecting all infrared

frequencies concurrently rather than individually was the main challenge of those

instruments. Fig. 3.5 shows a schematic diagram of an FTIR. Light is directed to a

beam splitter as shown in Fig. 3.5. In an ideal situation, half of the light is reflected

towards the fixed mirror, and half is transmitted towards the moving mirror. Light

is reflected in the beam splitter from the two mirrors, and a portion of the original

light enters the sample compartment and is concentrated on the sample. The light is
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Fig. 3.5 Schematic diagram of Fourier Transform Infrared spectroscope.

refocused on the detector after exiting the sample chamber. The interference pattern

produced by the difference in optical path length between the two mirrors is known

as an interferogram. An interferogram may be created by adjusting the mirror

position and recording the signal from the detector for various values of the mirror

position. The shape of the interferogram when no sample is present is determined by

characteristics such as source intensity and splitter efficiency. A Fourier transform

algorithm is used to convert the interferogram (light absorption for each mirror

position) into the desired result (light absorption for each wavelength). The Fourier

transform converts one domain (in this case, the mirror’s displacement in cm) into

its inverse domain (wavenumbers in cm-1) and provide the data.
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3.4 Electrochemical Characterisation Techniques

The techniques used to analyse the electrochemical performance of CuCo2S4 and

CuCo2S4-MoS2 were discussed in the following paragraphs.

3.4.1 Electrochemical cell setup

A device that creates electrical energy from chemical processes or uses electrical

energy to generate chemical reactions is known as an electrochemical cell.

Electrochemical cells that generate an electric current are called voltaic or galvanic

cells, whereas those that initiate chemical processes by electrolysis are known as

electrolytic cells. An electrode is a (semi-)conductive solid that contacts with

an electrolyte solution. The most used electrode types are working electrodes

(WE), reference electrodes (RE), and counter electrodes (CE). The WE is the

electrode under investigation, whereas the CE, or auxiliary electrode, completes

the current path in the cell. A working-counter electrode pair is required in an

electrochemical system with a non-zero current. The RE is the electrode that serves

as an experimental reference point, as its name suggests. It serves as a point of

reference for potential measurements. As a result, RE should maintain a constant

potential during the assessment, ideally on an absolute scale.

Fig. 3.6 (a) A three-electrode system where the potential difference is measured
between WE and RE, while the current passes between WE and CE. (b) A two-
electrode symmetric system, where both the electrode contain the same material,
and (c) a two-electrode asymmetric system, where one electrode contain the material
to be investigated and another contain different material such activated carbon.
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3.4.1.1 Three-electrode system

Fig. 3.6 (a) shows three-electrode cell designs for quiescent solution electrochemical

cell. WE, RE, and CE make up the three-electrode system, which is essential in

an electrochemical cell. In the three-electrode system, each of these electrodes has

a distinct function. An electrode with a fixed electrode potential is referred to as

a reference electrode. The RE can be used as a half cell in an electrochemical

cell. When the RE is used as a half cell, it can determine the electrode potential

of the other half cell. A CE is an electrode that prevents current from passing

through the reference cell. It ensures that the current is the same as the WE’s

current. The WE is the electrode that transports electrons from and to the given

substances. Three-electrode setups have an advantage over two-electrode setups in

experimentation: they only measure half of the cell. The WE’s potential changes

are monitored apart from any changes that may occur at the CE in half cell. This

isolation allows researchers to investigate electrochemical performance extensively by

studying specific reaction with assurance and accuracy. Hence, the electrochemical

performance of CuCo2S4 and CuCo2S4-MoS2 is characterised using a three-electrode

setup.

3.4.1.2 Two-electrode system

The most basic cell configuration is two-electrode, although the data and analysis

are frequently significantly complicated. The current-carrying electrodes in a two-

electrode configuration can also be utilised to monitor potential. The physical

setup for the two-electrode mode anode and cathode electrodes. A diagram of

a two-electrode cell arrangement is shown in Fig. 3.6 (b-c). The two-electrode

configuration measures the entire cell; the potential leads to the measurement of the

total voltage lowered by the current over the entire electrochemical cell comprising

of anode, electrolyte, and cathode. In a few general circumstances, two-electrode

setups are employed. One is in electrochemical energy devices, where measuring

the whole-cell voltage is important (e.g., batteries, fuel cells, supercapacitors). The

other is where the potential is unlikely to drift throughout the experiment. As a

result, a two-electrode system is utilised to investigate the potential applications of

an electrode. Asymmetric and symmetric two-electrode setups are the two forms of

two-electrode setups. A symmetric electrode system is one in which two identical

electrodes can be used as both the anode and cathode electrodes, as the name

suggests [74]. On the other hand, an asymmetric electrode system typically uses

a carbon-based material as the cathode (negative electrode) and material as anode

(positive electrode). Both symmetric and asymmetric setups were used to investigate

the possible application of the CuCo2S4-MoS2 as electrode for energy storage.
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3.4.2 Preparation of electrodes

The electrochemical performance of the prepared materials was evaluated in three-

electrode and symmetric as well as asymmetric two-electrode systems. In the

three-electrode system, a platinum wire and an Ag/AgCl (saturated KCl) electrode

were employed as the counter and reference electrodes, respectively and 0.5 M

Na2SO4 aqueous solution was used as the electrolyte. A homogeneous slurry of

electrode materials was prepared by mixing 20 mg of active material (95% w/w),

1 mg of polyvinylidene fluoride (PVDF; 5% w/w) as binder and 200 µL of N-

methyl-2-pyrrolidone (NMP) solvent through sonication for 1 hour. The slurry was

then uniformly cast onto a graphite rod with an exposed surface area of ∼0.28

cm2 maintaining a mass loading of around ∼2-3 mgcm-2. Afterward, the modified

graphite rod was dried at 80 ◦C for 4 hours and used as the working electrode of

the three-electrode cell.

Further, a symmetric and an asymmetric two-electrode supercapacitors was

fabricated via sandwich method using the prepared CuCo2S4 or CuCo2S4-MoS2. To

prepare the symmetric cell, the slurry of the active materials was cast on two disk

shaped graphite plates having a surface area of ∼0.4 cm2. Notably, the mass loading

on both electrodes were equally adjusted to ∼2-3 mgcm-2. The modified graphite

plates were employed as the anode and cathode of the symmetric supercapacitor.

Then, a circular Whatman 40 filter paper soaked for 1 hour with 1 M Na2SO4

aqueous electrolyte solution was sandwiched between the electrodes and placed in

a customised chamber of stainless steel and sealed via screwing.

For the asymmetric two-electrode supercapacitor, initially, activated carbon (AC)

was prepared from banana leaves by adopting a simple pyrolysis technique as

reported by a previous investigation [75]. Briefly, washed and dried banana leaves

were pulverized in a blender and then mixed with an activating agent (K2CO3) at

a ratio of 1:2. The resulting mixture was pyrolyzed at 750 ◦C under N2 atmosphere

and then, the desired AC nanosheets were obtained from the carbonized samples

by removing impurities. Afterward, the prepared AC and CuCo2S4-MoS2 were

loaded on two graphite plates with a mass ratio of 1:2. The AC and CuCo2S4-

MoS2 electrodes were employed as the negative and positive power source electrodes,

respectively. Finally, a Whatman paper soaked with 1-butyl-3-methyl-imidazolium-

chloride ([BMIM][Cl]) electrolyte was sandwiched between the two electrodes as

a separator and assembled the desired asymmetric two-cell supercapacitor. To

investigate the electrochemical properties of the as-synthesized nanomaterials,

cyclic voltammetry, galvanostatic charge-discharge and electrochemical impedance



30

spectroscopy were conducted at RT using an electrochemical workstation (CHI

660E).

3.4.3 Cyclic Voltammetry

The reactions occurred in CuCo2S4 and CuCo2S4-MoS2 during the electrochemical

process were investigated by Cyclic Voltammetry (CV). CV is a strong and widely

used electro-analytical technique that uses the current response of a material as

a function of potential to explore a material’s reduction and oxidation processes.

These methods are now commonly used to assess the performance of various

electrical energy storage devices, such as supercapacitors [76–78]. The voltage of

the working electrode is scanned for a specified potential (known as scan window)

by executing forward and reverse scans. This process produces a ‘cyclic’ sweep

of potentials that can be repeated, and a cyclic voltammogram, a plot of current

vs. potential, is created. The initial current response is capacitive. It arises from

forming an electrical double layer (EDL) at the electrode surface, which involves a

diffusion-controlled process as the voltage increases.

Fig. 3.7 Typical cyclic voltammogram where ipa and ipc show the peak of anodic
and cathodic current respectively for a reversible reaction.

Fig. 3.7 shows a scan from -0.4 V to higher positive and oxidative potentials.

Initially, the potential is not enough to oxidise the electrolyte (Fig. 3.7 point a).

As the electrolyte is oxidised, the current exponentially increases (b). Depletion

of the electrolyte increases the diffuse double layer, and the current reaches its

maximum at point c. (anodic peak current, ipa for oxidation at the anodic peak

potential, Epa). More positive potentials create more current, which is compensated
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by increasing electrolyte distance from the electrode surface. Because electrolyte

mass transport gets limited, the current decreases (d) as the potentials increase

more positively until a steady state is attained. Positive potentials (oxidative scan)

continue to oxidise the electrolyte until the applied potential reaches the point (e)

where oxidised electrolyte can be reduced at the electrode surface. The reduction

process is like oxidation, but with the scan, direction reversed and a cathodic

peak (ipc) at the cathodic peak potential (Epc (f)). For reversible processes, the

anodic and cathodic peak currents should have identical amplitude but the opposite

sign (if the cathodic peak is measured relative to the baseline after the anodic

peak). The nature of the electrolyte, concentration, scan rates, and experimental

circumstances all influence the amplitude of the current response and the form of

the voltammograms. The CV may appear slightly distorted in shape depending

on the potential window and materials of interest, indicating the presence of the

faradic process, and charge storage in that potential window region by the faradic

process is known as Pseudocapacitance. The charge storage and release procedures

are capacitive when a CV has a rectangular form.

3.4.4 Galvanostatic Charge-Discharge

Galvanostatic Charge-Discharge (GCD) analysis was carried out to get

electrochemical properties (capacitance, stability etc) of CuCo2S4 and CuCo2S4-

MoS2. GCD, also known as chronopotentiometry, is a reliable method for

evaluating the electrochemical capacitance of materials under controlled current

circumstances. It may be used to provide information on a variety of factors [79],

including capacitance, resistivity, and cyclability. In this technique, a current pulse

(represented as current density) is given to the working electrode. The resulting

potential is measured as a function of time compared to a reference electrode, as

shown in Fig. 3.8.

Fig. 3.8 Effect of (a) change of current and (b) potential response on electrode
materials in GCD.

When current is applied, the measured potential changes abruptly due to IR

(internal resistance) loss. After that, it changes gradually due to the development

of over-potential across the electrodes as the reactant concentration is exhausted at
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the electrode surface, resulting in a voltage increment. The potential response of an

ideal capacitive material in GCD shows discharge/ charge time is shown in Fig. 3.9.

Fig. 3.9 Potential response of an ideal electrochemical capacitor in GCD.

For the three-electrode system, the specific capacitance (Csp) values of the electrode

materials were calculated from the experimentally obtained GCD curves using the

following equation [80]:

Csp (F/g) =
I∆t

m∆V
(3.5)

For the two-electrode system, the specific capacitance values of the electrode

materials were calculated from the following equation [75]:

Csp (F/g) =
2I∆t

m∆V
(3.6)

For the symmetric two-electrode system, the specific capacitance values of the

electrode materials were calculated from the following equation [81]:

Csp (F/g) =
I∆t

m∆V
(3.7)

Here, I is defined as the applied current (A), ∆t is the discharge time, ∆V is the

operating potential window and m is the total loaded mass of the active material.

3.4.5 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is utilised to determine the double-

layer capacitance and characterise electrode processes and complex interfaces at

various A.C. frequencies. EIS is a method for establishing a direct link between a real

system and an idealised equivalent circuit consisting of discrete electrical components

(Resistance, capacitor, and inductor) in series and parallel configurations.

Electrochemical capacitors are systems that use either blocking/polarizable

electrodes (in the case of EDLC, planar geometries, or high surface area porous
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electrodes) or electroactive electrode materials (in the case of redox capacitors) [79].

Impedance data is usually represented in one of two ways. One is a Nyquist plot,

which shows how Zimg varies with Zreal, and the other is a Bode plot, which shows

how phase angle varies with frequency. Electrochemical processes contain several

types of resistance arising from solution, charge transfer, electrical double layer

(capacitor), diffusion, etc. Their equivalent circuit, known as the Randles circuit, can

be derived from an EIS analysis. A Randles circuit is an equivalent electrical circuit

made up of an active electrolyte resistance RS in series with a parallel combination

of double-layer capacitance Cdl and a faradaic reaction impedance. EIS provides

the ability to diagnose as well as apply electrochemical processes. It is feasible to

determine the type of electroactive material using EIS. Fig. 3.10 shows a typical

Nyquist plot and its equivalent circuit.

Fig. 3.10 (a) A typical Nyquist plot and (b) its equivalent circuit.

3.4.6 Determination of energy density and power density

The amount of energy contained in the mass of a system or material is proportional

to its energy density. The presence of a high energy density does not indicate how

rapidly that energy can be consumed. Power density measures power output per

unit volume and is defined as the quantity of power (time rate of energy transfer)

per unit volume. It expresses the speed at which its energy can be released. A high

energy density does not always imply a high power density, and it is possible to have

a high energy density and a low power density. The energy density as a function

of power density is presented in Ragone plot. Ragone plot is used for comparing

energy density of various energy storing devices [82].
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The energy density (E) and power density (P ) values of the synthesised materials

were calculated from the known highest value of capacitance obtained from GCD

curves in a symmetric two-electrode system using the following equations [83–85]:

E(Wh/kg) =
Csp × (∆V )2 × 1000

8× 3600
(3.8)

P (W/kg) =
E × 3600

∆t
(3.9)

And the energy density (E) and power density (P ) values of the synthesised materials

were calculated from the known highest value of capacitance obtained either from CV

or GCD curves in an asymmetric two electrode system using the following equations:

E(Wh/kg) =
Csp × (∆V )2 × 1000

2× 3600
(3.10)

P (W/kg) =
E × 3600

∆t
(3.11)

Where E is the energy density of the electrode, P is the average power density, Csp

is the specific capacitance of the active material, ∆V is the operating voltage range

or potential window and ∆t is the discharge time in GCD curve.



CHAPTER 4

RESULTS AND DISCUSSION

The structural, morphological and electrochemical properties of as-synthesized

CuCo2S4 and CuCo2S4-MoS2 nanocomposite were investigated using different

experimental techniques. The outcomes of the investigations are presented below.

4.1 Structural, Morphological and Elemental Characterisations

4.1.1 Crystal structure

The crystallographic structure of the prepared nanomaterials was investigated by

analysing their Rietveld refined powder XRD spectra [86]. For the refinement,

the background was calibrated using the X’Pert HighScore Plus software package

with the granularity of 44 and a bending factor of 0 [87]. In Fig. 4.1 (a), the

diffraction peaks exhibited by CuCo2S4 could be indexed at (220), (311), (100),
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Fig. 4.1 Rietveld refined powder XRD patterns of (a) CuCo2S4 and (b) CuCo2S4-
MoS2.
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(400), (422), (511), (440), (222), (200) and (400) planes (JCPDS card no 42-1450)

which conformed to the cubic phase of spinal CuCo2S4 based on F d-3 m space

group [7, 88–90]. Notably, no impurity or secondary phases were detected in the

XRD spectrum which confirmed the high phase-purity of synthesised CuCo2S4.

Fig. 4.1 (b) displayed the Rietveld refined powder XRD spectrum of the prepared

CuCo2S4-MoS2 nanocomposite. The coexistence of two phases corresponding to

CuCo2S4 and MoS2 in the crystal lattice was confirmed by the Bragg positions

which implied the successful formation of the nanocomposite. The diffraction peaks

of MoS2 nanosheets were associated with single-phase 2H hexagonal structure (space

group P63/mmc, JCPDS card no. 37-1492) [66, 91]. It was intriguing to note that

the intensity and sharpness of the XRD peaks of CuCo2S4-MoS2 nanocomposite

were significantly higher as compared to the peaks associated with CuCo2S4 which

indicated an enhancement in the degree of crystallisation due to the incorporation

of MoS2 [92].

Further,it was quantitatively determined the crystallinity of the prepared samples

from their Rietveld refined XRD patterns using the following equation [87]:

Crystallinity(%) = 100×
∑ Inet∑

(Itot − Iconst. bgr)
(4.1)

where, I net, I tot and I const.bgr represented the crystal intensity, total intensity and

background intensity, respectively. Using this equation, the crystallinity of CuCo2S4

and CuCo2S4-MoS2 were calculated to be 40% and 88%, respectively.

Table 4.1 Crystallographic parameters for all the constituents of the nanomaterials
obtained after refinement.

Sample Constituent
Crystallographic
Phase

Space
group

a (Å) b (Å) c (Å) V (Å3) R factors

CuCo2S4 CuCo2S4 Cubic F d-3 m 9.431 9.431 9.431 846.054

Rwp = 4.23
Rp = 3.41
Rexp = 3.78
χ2 = 1.12

CuCo2S4-
MoS2

CuCo2S4 Cubic F d-3 m 9.501 9.501 9.501 851.971

Rwp = 2.86
Rp = 2.25
Rexp = 2.55
χ2 = 1.12

MoS2 Hexagonal P63/mmc 3.160 3.160 12.290 106.281

Rwp = 2.67
Rp = 2.13
Rexp = 2.54
χ2 = 1.05
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Moreover, using Bragg’s law [93], we had calculated the interlayer spacing, “d” of

MoS2 before and after the incorporation of CuCo2S4. Notably, the “d” values

of ultrasonicated MoS2 and the MoS2 in the nanocomposite (CuCo2S4-MoS2)

were found to be 0.6174 and 0.6211 nm, respectively. Such enhancement in the

interlayer spacing of MoS2 suggested that during the formation of CuCo2S4-MoS2

nanocomposite, the nanostructured CuCo2S4 had intercalated between the layers of

MoS2.

In Table 4.1 the constituent phases, space group, unit cell volume and reliability

(R) factors of Rietveld refinement for the prepared nanomaterials were presented.

Here, the computed lattice parameters of CuCo2S4 and MoS2 were in agreement

with previously reported value [7, 91]. The structural parameters corresponding

to CuCo2S4 remained reasonably unchanged in the CuCo2S4-MoS2 nanocomposite

demonstrating insignificant deformation in the crystal structure of individual

CuCo2S4 phase during the synthesis of the nanocomposite [66].

4.1.2 Surface morphology

The surface morphology of the prepared CuCo2S4 and CuCo2S4-MoS2 was

investigated by observing the FESEM images as demonstrated in Fig. 4.2 (a)

and (b), respectively. As shown in Fig. 4.2 (a), the surface of the synthesised

nanostructured CuCo2S4 was slightly agglomerated and not fairly homogeneous. In

contrast, Fig. 4.2 (b) demonstrated that the surface morphology of CuCo2S4-MoS2

nanocomposite was satisfactorily homogeneous with less agglomeration as compared

to CuCo2S4. Fig. 4.2 (b) also revealed the in-situ formation of the nanosheet of

MoS2 during the hydrothermal synthesis of CuCo2S4-MoS2 nanocomposite.

The detailed structure of CuCo2S4-MoS2 was further studied by TEM. Fig. 4.3 (a)

showed that CuCo2S4 nanoparticles were distributed along with MoS2 nanosheets.

In Fig. 4.3 (b), the dark and pale part indicated the presence of CuCo2S4 and

MoS2, as ultra-thin and partially transparent edge of CuCo2S4-MoS2 which was an

indication of the nanosheet structure of MoS2. Fig. 4.3 (c) presented the HRTEM

image of CuCo2S4-MoS2 nanocomposite. The magnified HRTEM image showed the

lattice spacing were 0.286 nm and 0.621 nm, which were corresponding to (311) plane

of cubic CuCo2S4 and the (002) plane of hexagonal MoS2, respectively. This result

confirmed the formation of heterojunction between CuCo2S4 and MoS2 through the

hydrothermal process and showed the intimate contact between CuCo2S4 and MoS2.

Few bright concentric diffraction rings observed in the SAED pattern (Fig. 4.3 (d))

revealing the polycrystalline feature of the nanocomposite due to the coexistence of
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Fig. 4.2 FESEM images of (a) CuCo2S4 and (b) CuCo2S4-MoS2.

CuCo2S4 and MoS2. In Fig. 4.3 (d), the diffraction rings could be assigned to the

CuCo2S4 (220), (311), (511) and (440) and MoS2 (103) and (105) crystal faces from

inside to outside, further, demonstrated the successful formation of CuCo2S4-MoS2.

Also, the crystal faces were in well agreement with the XRD pattern, supporting

also the cubic and hexagonal structure of CuCo2S4 and MoS2, respectively. The

heterojunction formed between CuCo2S4 and MoS2 might help to increase the

electroactive sites significantly and greatly enhanced the electrolyte penetration to

improve the desired electrochemical performance [94,95].
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Fig. 4.3 (a and b) TEM images of CuCo2S4-MoS2 (c) HRTEM image of CuCo2S4-
MoS2 with lattice fringes of MoS2 indicated in bottom left inset and lattice fringes of
CuCo2S4 indicated in bottom right inset and (d) SAED pattern of CuCo2S4-MoS2.
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4.1.3 Chemical composition

The elemental composition of the prepared materials was analysed by EDX.

Fig. 4.4 (a) and (b) demonstrated the EDX spectra of CuCo2S4 and CuCo2S4-

MoS2, respectively. The formation of CuCo2S4 was confirmed by comparing the

experimentally obtained mass and atom percentages of the desired elements, i.e.

Cu, Co and S with the theoretical values (Table 4.2) [96], Their excellent agreement

evinced the phase-purity of CuCo2S4. In addition to the peaks of Cu and Co atoms,

the EDX spectrum of CuCo2S4-MoS2 only included peaks of Mo at around 2.4

keV. The absence of S peak was due to near similar characteristics energy of Mo

and S. Since the energy resolution of the instrument was higher than the energy

energy difference of Mo and S, only one experimental Gaussian peak of Mo was

generated [97].

Fig. 4.4 EDX spectra of (a) CuCo2S4 and (b) CuCo2S4-MoS2.
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Table 4.2 Mass and atom percentages of elements in CuCo2S4 and CuCo2S4-MoS2

as obtained via EDX and theoretical analysis.

Element
Mass (%)

(Theoretical)
Mass (%)

(Experimental)
Atom (%)

(Theoretical)
Atom (%)

(Experimental)
Cu 20.52 22.92 13.53 16.65
Co 38.06 42.09 25.10 32.97
S 41.42 35.00 61.38 50.38

Total 100 100 100 100

FTIR spectroscopy was conducted for further analysis of the synthesized materials.

The FTIR spectra of CuCo2S4 and CuCo2S4-MoS2 obtained over the range of 400

to 1350 cm-1 were compared in Fig. 4.5. For a further insight, the full spectra

was also provided in the inset. As observed in the figure, the peaks around 650

cm-1 and 1120 cm-1 in the FTIR spectrum of CuCo2S4, could be assigned to the

vibration of Cu-S and Co-S, respectively [98]. After the incorporation of MoS2 with

CuCo2S4, an additional vibrational band had arisen at around 420 cm-1 which could

be attributed to the γas Mo-S vibration [99]. Moreover, a distinct peak was also

400 600 800 1000 1200

500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm-1)

Tr
an

sm
itt

an
ce

 (a
.u

.)

Cu-S
Cu-S-Mo

Mo-S  CuCo2S4

 CuCo2S4-MoS2

Wavenumber (cm-1)

Tr
an

sm
itt

an
ce

 (a
.u

.)

Cu-S

Fig. 4.5 FTIR spectra of CuCo2S4 and CuCo2S4-MoS2. Inset showed the full FTIR
spectra obtained for wavenumber ranging from 400 cm-1 to 4000 cm-1.
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observed at around 670 cm-1 for the possible vibration of Cu-S-Mo bond provided

further evidence for the formation of CuCo2S4-MoS2 nanocomposite.

4.2 Electrochemical Performance

4.2.1 Electrochemical performance in three-electrode system

The electrochemical performance of the prepared nanomaterials and bulk MoS2 were

evaluated by CV, GCD and EIS analyses in a three-electrode system using 0.5 M

Na2SO4 aqueous solution as electrolyte. The obtained data was compared under

identical experimental conditions. In Fig. 4.6 (a), the comparison of the CV curves

of MoS2, CuCo2S4 and CuCo2S4-MoS2 were demonstrated at a fixed scan rate of

20 mVs-1 in the same potential window of -0.5 to 0.5 V. Clearly, the integrated CV

area of CuCo2S4-MoS2 electrode was significantly larger than that of both MoS2 and

CuCo2S4 electrodes which was an indication of the higher charge storage capacity on

the surface of CuCo2S4-MoS2 electrode. Moreover, the enhanced current response

and absence of redox peaks in the CV curve of CuCo2S4-MoS2 electrode suggested

that the electrical conductivity and stability of CuCo2S4 were considerably improved

due to the incorporation of dilute amount of MoS2.

For providing deeper insight, the CV curves of the MoS2, CuCo2S4 and CuCo2S4-

MoS2 electrodes obtained at various scan rates of 5, 10, 20, 50 and 100 mVs-1

were presented in Fig. 4.7 (a), 4.8 (a) and 4.9 (a), respectively. Notably, it was

demonstrated in Fig. 4.8 (a) that a pair of redox peaks became prominent in the

CV curves of CuCo2S4 electrode at higher scan rates. It might be attributed to

the occurrence of Faradaic redox reactions of Co4+/Co3+ and Cu2+/Cu+ pairs

at the electrode/electrolyte interface during the electrochemical process [42, 92].

Interestingly, as seen in Fig. 4.9 (a), unlike CuCo2S4, the CV curves of CuCo2S4-

MoS2 electrode were maintained the quasi-rectangle shape even at higher scan

rates indicating the stabilisation of the Co4+/Co3+ and Cu2+/Cu+ redox couples.

The ability to retain the quasi-rectangle shape with increasing scan rate indicates

excellent electrochemical reversibility and fast ion transportation rate of the

CuCo2S4-MoS2 electrode [100].

In Fig. 4.6 (b), the comparative GCD profiles of MoS2, CuCo2S4 and CuCo2S4-

MoS2 electrodes were illustrated at the same applied current density of 0.5 Ag-1.

Conspicuously, the GCD curve of the CuCo2S4-MoS2 exhibited longer discharge time

in comparison with the MoS2 and CuCo2S4 electrodes. The GCD curves of MoS2,

CuCo2S4 and CuCo2S4-MoS2 electrodes at different current densities ranging from

0.5 to 5 Ag-1 were presented in Fig. 4.7 (b), 4.8 (b) and 4.6 (b), respectively. Clearly,
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Fig. 4.6 Electrochemical performance of MoS2, CuCo2S4 and CuCo2S4-MoS4

electrodes in three-electrode system: (a) CV curves at a fixed scan rate of 20 mVs-1,
(b) GCD curves at a fixed current density of 0.5 Ag-1 (c) variation of C sp (Fg-1)
with increasing current densities and (d) Nyquist plots.
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Fig. 4.7 Electrochemical behaviour of MoS2 measured in three-electrode system in
aqueous electrolyte (0.5 M Na2SO4) within the potential range of -0.5 to 0.5 V; (a)
CV curves at various scan rates and (b) GCD curves at different current densities.
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CV curves at various scan rates and (b) GCD curves at different current densities.
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Fig. 4.9 Electrochemical behaviour of CuCo2S4-MoS2 measured in three-electrode
system in aqueous electrolyte (0.5 M Na2SO4) within the potential range of -0.5 to
0.5 V; (a) CV curves at various scan rates and (b) GCD curves at different current
densities.
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at all the current densities, the discharge time of the CuCo2S4-MoS2 electrode was

remarkably higher than the other two electrode materials.

Further, specific capacitance (C sp) was calculated at different current densities

from the GCD curves using Eqn. 3.5 and plotted the results in Fig. 4.6 (c). It

was observed that the maximum C sp value (820 Fg-1) of CuCo2S4-MoS2 electrode

was much larger than that of both MoS2 (50 Fg-1) and CuCo2S4 electrodes (249

Fg-1) at the same current density (0.5 Ag-1). Even at high current densities, the

CuCo2S4-MoS2 electrode retained larger C sp as compared to the other two electrode

materials.

The charge transfer kinetics of the prepared nanomaterials were investigated by

conducting EIS analysis. In Fig. 4.6 (d), the Nyquist plots of MoS2, CuCo2S4 and

CuCo2S4-MoS2 electrodes were illustrated which were obtained over the frequency

range of 100 kHz to 0.01 Hz with the alternating voltage amplitude of 10 mV at

the open-circuit potential (OCP). The lower inset of Fig. 4.6 (d) demonstrated

an enlarged view of the high frequency region of the Nyquist plots. In Table 4.3,

different charge transfer kinetic parameters of the electrodes were presented as

obtained by fitting the EIS data to the equivalent electrical circuit [101] model

shown in the upper inset of Fig. 4.6 (d). Briefly, the real axis intercept of the

curve at high frequency region represented the internal resistance (Rs) of the

electrochemical systems and the diameter of the semicircle provided the interfacial

charge transfer resistance (Rct) between the electrode and electrolyte [100].

In the Table 4.3, it was evident that the Rs value (9.083 Ω) of the CuCo2S4-MoS2

electrode was significantly smaller than that of both MoS2 (22.8 Ω) and CuCo2S4

(35.09 Ω), verifying its lower internal resistance. The Rct value of CuCo2S4 had also

significantly reduced to 9.154 Ω from 29.2 Ω due to the incorporation of MoS2 which

revealed the enhanced surface conductivity of the CuCo2S4-MoS2 nanocomposite.

Notably, the inclined straight line at the low frequency region of the Nyquist plots

corresponded to the mass transfer resistance (Warburg impedance, ZW) controlled

by a diffusion process [38]. In Fig. 4.6 (d), the higher slope of the CuCo2S4-MoS2 line

as compared to CuCo2S4 yielded lower ZW, indicated faster diffusion capability of

ions on its surface. All of the outcomes of EIS analysis clearly evinced the enhanced

ion transfer capability and conductivity of CuCo2S4-MoS2 electrode which were also

supported by the CV and GCD analyses.
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Table 4.3 Values of Rs, Rct, Cdl, ZW and Cp in the three-electrode system obtained
by fitting with equivalent circuit.

Sample Rs (Ω) Rct (Ω) Cdl (µF ) ZW (Ω) Cp (F )

MoS2 22.8 0.001 113.8 0.00216 0.01774
CuCo2S4 35.09 29.2 0.1593 0.0044 0.0499

CuCo2S4-MoS2 9.08 9.154 0.0854 0.00264 0.00407

4.2.2 Electrochemical performance in symmetric two-electrode system

A symmetric two-electrode cells with CuCo2S4 and CuCo2S4-MoS2 were assembled

as active electrode materials to further assess their performance for practical device

applications (details related to the assembling of electrodes were explained in section

3.4.2 of chapter 3). Since MoS2 showed very low specific capacitance and energy

density in three electrode system than CuCo2S4 and CuCo2S4-MoS2, only the later

two materials were investigated. Initially, to identify the stable working potential of

the assembled cells, had recorded their CV curves within different voltage windows

at a fixed scan rate of 20 mVs-1 in 1 M Na2SO4 aqueous electrolyte. As demonstrated

in Fig. 4.10 (a), distinct redox humps were prominent in the CV curves of CuCo2S4,

indicated the occurrence of Faradaic redox reactions of cobalt and copper species

in the electrolyte solution during the voltammetric scan [7]. Although, oxidation

peaks were observed in CuCo2S4 for all the potentials ranging from 0 to 1.0 V,

the reduction peak could only be observed for potentials over 0.7 V. Interestingly,

no redox peaks emerged in the CV curves of CuCo2S4-MoS2 based two-electrode

system for all potentials ranging between 0 to 1.0 V (Fig. 4.10 (b)). The CV curve

of CuCo2S4-MoS2 maintained its stable quasi-rectangular shape over the potential

range of 0 to 0.7 V. Therefore, a voltage window of 0 to 0.7 V was selected for the

CV measurements of both of the symmetric two-electrode cells.

For a comparative analysis, the profiles of CuCo2S4 and CuCo2S4-MoS2 based

symmetric two-electrode cells were provided in Fig. 4.11 (a) and (b), respectively;

CV at the scan rate of 20 mVs-1 and GCD at the current density of 0.5 Ag-1.

Clearly, the larger integrated CV area and longer discharge time of CuCo2S4-MoS2

confirmed its superior charge storage potential and higher capacitance in comparison

with CuCo2S4 which complied with the outcomes of three-electrode system. The

CV curves of CuCo2S4 and CuCo2S4-MoS2 electrodes, obtained at different scan

rates in the symmetric two-electrode systems, were displayed in Fig. 4.12 (a) and

4.13 (a), respectively. As demonstrated by Fig 4.13(a), the shape of the CV curves

of CuCo2S4-MoS2 electrode were retained at high scan rates which could be a

clear indication of the excellent reversibility, high rate capability and low internal

resistance of the two-electrode device [7, 100].
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Fig. 4.13 Electrochemical behavior of CuCo2S4-MoS2 measured in symmetric two-
electrode system in aqueous electrolyte (1 M Na2SO4) within the potential range
of 0 to 0.7 V; (a) CV curves at various scan rates and (b) GCD curves at different
current densities.
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In order to substantiate these results, GCD analyses of CuCo2S4 and CuCo2S4-

MoS2 electrodes were performed in the symmetric two-electrode cells at different

current densities [Fig. 4.12 (b) and 4.13 (b), respectively] and their C sp values were

calculated from the GCD curves. As demonstrated in Fig. 4.11 (c), a maximum

C sp of 215 Fg-1 was achieved for CuCo2S4-MoS2 at the current density of 0.5 Ag-1

which was almost five times larger than the C sp (38 Fg-1 ) of CuCo2S4 at same

current density.

In Fig. 4.11 (d), the Nyquist plots of the synthesized samples were displayed which

were obtained by conducting EIS in the symmetric two-electrode systems over a

frequency band of 100 kHz to 0.01 Hz with an amplitude of 10 mV. The calculated

charge transfer kinetic parameters were tabulated in Table 4.4. Notably, the small

Rs and Rct values of CuCo2S4-MoS2 confirmed its low internal and charge transfer

resistance as was also evident from the three-electrode analysis.

Table 4.4 Values of Rs, Rct, Cdl, ZW and Cp in the symmetric two-electrode system
obtained by fitting with equivalent circuit.

Sample Rs (Ω) Rct (Ω) Cdl (µF) ZW (Ω) Cp (F)

CuCo2S4 99.82 70.55 0.1379 0.005009 0.02898
CuCo2S4-MoS2 50.61 46.67 0.2473 0.006939 0.02422

Long term cyclic performance of the fabricated symmetric supercapacitors were

investigated by repeating GCD test 1000 times at the current density of 5 Ag-1 over

the potential range of 0.0 to 0.7 V and the results were demonstrated in Fig. 4.14.

As it was observed, the cell fabricated with neat CuCo2S4 electrode exhibited only

79% capacitance retention after 1000 cycles. Such a notable loss in capacitance

suggested a deterioration in the chemical structure of CuCo2S4 and/or dissolution

of constituent ions during the electrochemical process. However, the CuCo2S4-MoS2

electrode could retain 100% of its specific capacitance after 1000 cycles indicating

its excellent long-term cyclic stability.

Notably, the operational efficiency of energy storage devices significantly always

depended on their energy density E and power density P [7]. The relationship

between the E and P of the assembled symmetric supercapacitors was also assessed.

The results had been demonstrated through Ragone plot in Fig. 4.15 and compared

with other energy storage systems. The symmetric supercapacitor with CuCo2S4-

MoS2 electrode delivered a E of 3.65 Whkg-1 at the P of 87 Wkg-1, whereas the

CuCo2S4 electrode exhibited a very low E value of 0.65 Whkg-1 at the same power
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Fig. 4.14 Retention of specific capacitance of CuCo2S4 and CuCo2S4-MoS2

electrodes at 5 Ag-1.

density. Such superior device efficiency of CuCo2S4-MoS2 electrode strongly justified

the supercapacitive behavior of the material.

To justify the enhanced supercapacitive performance of CuCo2S4-MoS2, the charge

storage mechanism had been explained by a schematic diagram in Fig. 4.16. As

depicted in the schematic, the charge storage mechanism at the CuCo2S4-MoS2

electrode involved the intercalation of electrolyte ions during the charging process.

Based on the outcomes obtained experimentally, the superior electrochemical

performance of CuCo2S4-MoS2 nanocomposite in comparison with CuCo2S4 could

be attributed to its enhanced ion adsorption capability. As evident from the

XRD analysis, the interlayer spacing of MoS2 existing in the nanocomposite was

reasonably higher than raw bulk MoS2 which indicated the intercalation of CuCo2S4

between the layers of MoS2. It could be anticipated that the enlarged distance

between the layers of MoS2 had provided adequate space for the ion transportation
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inside the active material which enhanced the charge storage capacity resulting in

high specific capacitance [102, 103]. The FESEM imaging confirmed the presence

of few layer MoS2 sheets of nanoscopic thickness in the synthesised nanocomposite.

Such few-layered structure of MoS2 nanosheets had opened numerous additional

transport channels or pathways for the ions. The XRD analysis also confirmed that

the degree of crystallinity of the CuCo2S4-MoS2 nanocomposite was significantly

enhanced due to the interaction of MoS2 [42]. A number of previous investigations

[92, 104] had demonstrated that the crystallinity of the electrode material played

a vital role in the electrochemical performance of supercapacitors. Hence, it was

speculated that the improved crystallinity of CuCo2S4-MoS2 nanocomposite had

significantly increased its electrochemical stability resulting in longer cycle life.
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Fig. 4.16 Schematic illustration of charge storage mechanism at the CuCo2S4-MoS2

nanocomposite in symmetric two-electrode system.



57

4.2.3 Electrochemical performance of the asymmetric CuCo2S4-

MoS2//AC device

The large-scale industrial applications of symmetric two-electrode cells, limited by

their low-energy density [105, 106]. Typically, asymmetric devices demonstrated

significantly higher charge storage capacity as compared to symmetric devices.

This was because of the fact that with different electrode materials, the working

voltage window of asymmetric devices could be extended beyond the thermodynamic

decomposition potential of water (1.2 V) [7, 107, 108]. Therefore, to develop a

more efficient supercapacitor with high energy density, an asymmetric CuCo2S4-

MoS2//AC supercapacitor was assembled using [BMIM][Cl] electrolyte soaked

Whatman paper as the separator. In this assessment, only CuCo2S4-MoS2 was

investigated due to higher specific capacitance and energy density than CuCo2S4.The

charges stored on negative and the positive electrodes were balanced to achieve the

optimal performance based on the charge balanced theory (q+ = q−). The charge

on each electrode depends on its mass loading (m), potential window (∆V ), and

specific capacitance (C) as represented by [109,110]:

q = C ×m×∆V (4.2)

m+

m− =
C− ×∆E−

C+ ×∆E+
(4.3)

According to this equation, the mass ratio between CuCo2S4-MoS2 and AC was

calculated to be 1:2. Hence, the total mass loading was 2 mg cm−2.

In Fig. 4.17 (a), the CV curves of the device obtained at different scan rates were

presented. It could be observed that the stable working potential window of the

fabricated asymmetric cell had been extended to 1.6 V which was higher than that

of commercial aqueous electrolyte AC supercapacitors.

In Fig. 4.17 (b), the GCD curves of the CuCo2S4-MoS2//AC device were illustrated

at various current densities in the range of 0.5 to 5 Ag-1. From the GCD profiles,the

C sp was calculated and the result presented in Fig. 4.17 (c) as a function of current

density. Notably, the maximum C sp of 107 Fg-1 was achieved at the current density

of 0.5 Ag-1. The cyclic stability of the CuCo2S4-MoS2//AC supercapacitor was also

evaluated by repeating the GCD test 1000 times at a stable current density of 5

Ag-1. As shown in Fig. 4.17 (d), the Nyquist plot of the CuCo2S4-MoS2//AC which

was obtained by conducting EIS in the symmetric two-electrode systems over a

frequency band of 100 kHz to 0.01 Hz with an amplitude of 10 mV. The calculated

charge transfer kinetic parameters are tabulated in Table 4.5. Notably, the small
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Rs and Rct values of CuCo2S4-MoS2 confirm its low internal and charge transfer

resistance as was also evident from our three-electrode and symmetric two-electrode

analyses.

Table 4.5 Values of Rs, Rct, Cdl, ZW and Cp of CuCo2S4-MoS2 in the asymmetric
two-electrode system obtained by fitting with equivalent circuit.

Rs (Ω) Rct (Ω) Cdl (µF) ZW (Ω) Cp (F)

104.3 11.3 0.1514 0.02038 0.04858

The cyclic stability of the CuCo2S4-MoS2//AC supercapacitor was also evaluated

by repeating the GCD test 1000 times at a stable current density of 5 A g-1. As

shown in Fig. 4.18, the fabricated device retained almost 89% of its initial specific

capacitance after 1000 cycles, confirming its excellent long-term cyclic stability.
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Fig. 4.18 Retention of specific capacitance retention of CuCo2S4-MoS2//AC
asymmetric device.
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In Fig. 4.19, the Ragone plot of the CuCo2S4-MoS2//AC supercapacitor was

displayed . As it was observed, the device had delivered a high E of 55.56 Whkg-1

at a P of 400 Wkg-1. Even at a higher P of 4000 Wkg-1, the device still had

an E of 20 Whkg-1. Further in Table 4.6, a comparative analysis was presented

between the electrochemical performance of CuCo2S4-MoS2//AC supercapacitor

and previously reported analogous asymmetric devices in which AC was used as

the negative electrode. Noticeably, both the specific capacitance and energy density

of the fabricated device were reasonably higher than that of different CuCo2S4 and

CuCo2O4 based devices. For instance, Li et al. [111] reported that a C sp of 30.5 Fg-1

at 0.5 Ag-1 and an E of 10.2 Whkg-1 at the P of 400 Wkg-1 from an asymmetric

supercapacitor could be achieved by employing CuCo2S4 nanocrystals grown on

the surface of N and S co-doped reduced graphene oxide (CuCo2S4/N, S–rGO)

nanosheets. Conspicuously, at exactly same current and power density, the device

displayed improved capacitance and energy density. Notably, another investigation

demonstrated that at similar conditions, an asymmetric device assembled using

CuCo2S4/carbon nanotubes composite as the positive electrode yielded a C sp of

65.1 Fg-1 and an E of 23.2 Whkg-1 which was considerably smaller as compared to

the reported device with CuCo2S4-MoS2//AC supercapacitor.

10h

Fuel Cell

Supercapacitor

Capacitor

 CuCo2S4-MoS2

 Ref. [114]
 Ref. [111]
 Ref. [92]

Fig. 4.19 Ragone plot of CuCo2S4-MoS2//AC asymmetric device.
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Table 4.6 Comparison of the asymmetric performance CuCo2S4-MoS2 based on
previous investigations.

Electrode Electrolyte

Specific
Capacitance
(Fg-1) at
Current Density
(Ag-1)

Retention,
Cycles

Energy Density
(Whkg-1) at
Power Density
(Wkg-1)

Potential
window
(V)

Ref.

2D
multilayer
CuCo2S4

2 M KOH 231 at 1
82% after
10,000
cycles

63.6 at 700 1.6
[112]

CuCo2S4
micro-
sphere

3 M KOH 130 at 1
122%
after 8,000
cycles

46.2 at 796 1.6
[113]

CuCo2S4
/CNT

2 M KOH 65.1 at 0.5
85.7% after
10,000
cycles

23.2 at 402.7 1.6
[114]

Fl doped
CuCo2S4

1 M KOH 224 at 1
89.2% after
10,000
cycles

49.8 at 897.39 1.6
[115]

CoMoO4@
CuCo2S4

3 M KOH 171 at 1
83.3%
after 4,000
cycles

60.4 at 800 1.6
[116]

CuCo2S4 2 M KOH 64 at 0.5
62% after
20,000
cycles

22 at 405 1.62
[92]

NiO@
CuCo2S4

PVA-
KOH gel

206 at 1
91% after
5,000
cycles

73 at 802 1.6
[117]

CuCo2S4
nanobelt
arrays

6 M KOH 113 at 1
90.89%
after 5,000
cycles

40.2 at 800 1.6
[118]

CuCo2S4/
N,S–rGO

2M KOH 30.5 at 0.5
88.9% after
5000 cycles

10.8 at 400 1.6
[111]

CuCo2S4-
MoS2

[BMIM][Cl] 156 at 0.5
89% after
1,000
cycles

55.55 at 400 1.6
This
work
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Finally, to demonstrate a real application, the asymmetric CuCo2S4-MoS2//AC

device was connected in parallel with an LED as shown in Fig. 4.20 (a). Initially, the

device was charged for 120 s at 5 V using an electrometer and then, the electrometer

was disconnected. During discharging, the LED was connected and lit up. The LED

was utilised to monitor the response of the supercapacitor device. The response of

the LED at different times was presented in Fig. 4.20 (b)-(f). Notably, with 120 s of

charging, the CuCo2S4-MoS2//AC device could light up the LED for 290 s. Hence,

the outcomes obtained via all three configurations clearly indicated that the prepared

CuCo2S4-MoS2 electrode material could be effectively employed to fabricate highly

efficient next generation supercapacitors.



63

Fig. 4.20 Snapshots of a practical demonstration of CuCo2S4-MoS2//AC device
containing prototype supercapacitor system; (a) snapshots of the device setup and
connection of the real device for charging. (b-f) photographs of the LED to monitor
the discharge process at various times.



CHAPTER 5

SUMMARY AND CONCLUSIONS

5.1 Summary

In this investigation, CuCo2S4 and CuCo2S4-MoS2 nanocomposite were prepared by

a facile hydrothermal technique. The outcomes of this investigation are summarised

as follows:

• The Rietveld refined powder XRD pattern confirmed the cubic crystal

structure of CuCo2S4 in both samples while MoS2 possessed the hexagonal

structure in the composite. The absence of any undesired peak due to impurity

confirmed the high phase purity of CuCo2S4 and CuCo2S4-MoS2.

• The FESEM images showed in-situ growth of MoS2 sheets during the

hydrothermal process was also observed. The elemental compositions of the

CuCo2S4 and CuCo2S4-MoS2 were in good agreement with the theoretically

calculated values.

• TEM investigation confirmed the desired morphology of CuCo2S4-MoS2. The

HRTEM images also demonstrated the coexistence of CuCo2S4 and MoS2.

SAED pattern also confirmed the successful formation of the nanocomposite.

• FTIR demonstrated the presence of individual bonds among the constituents

of CuCo2S4 and CuCo2S4-MoS2. Additionally, presence of bond between

CuCo2S4 and MoS2 was also detected.

• In the three electrode system, CV and GCD showed a significant improvement

in capacity and irreversibility for CuCo2S4-MoS2 in comparison with CuCo2S4

and MoS2. Electrochemical impedance spectroscopy revealed that interfacial

resistance between electrode and electrolyte was greatly reduced and

this improvement in conductivity resulted in a superior electrochemical

performance of CuCo2S4-MoS2 than MoS2 and CuCo2S4.

• The symmetric two electrode system support the enhancement electrochemical

performance of CuCo2S4-MoS2 as demonstrated in three electrode system.

Cyclic voltammetry revealed a stable electrochemical process while

galvanostatic charge-discharge provided a high stability and retention after

a long cyclic charging-discharging for CuCo2S4. Energy density of CuCo2S4-

MoS2 was also found to be higher than CuCo2S4 and EIS demonstrated the
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improvement in conductivity for CuCo2S4-MoS2 reinforced the results of three

electrode system.

• The trend of electrochemical performance of CuCo2S4-MoS2 in an asymmetric

device was like the three-electrode and symmetric two-electrode system as

explained by CV, GCD and EIS. Moreover, the asymmetric device was used

to demonstrate a real-life application to exhibit its practicality.

5.2 Conclusions

The electrochemical measurements in the three-electrode and symmetric two-

electrode setups demonstrated that the incorporation of a dilute amount of MoS2

(10% w/w) nanosheets significantly enhanced the electrochemical performance

of ternary CuCo2S4. The CuCo2S4-MoS2 electrode exhibited superior charge

storage capacity, higher electrical conductivity, better electrochemical stability

and reversibility, faster ion transportation rate. It showed significantly larger

specific capacitance as compared to the CuCo2S4 electrode in both symmetric

and asymmetric assembly of supercapacitors. The asymmetric supercapacitor

constructed using CuCo2S4-MoS2 and activated carbon electrodes delivered a high

device capacitance (107 Fg-1), energy density (38.22 Whkg-1), large stable potential

window (1.6 V) and long cycle life which are superior to those of related CuCo2S4

and graphene-based asymmetric supercapacitors reported in the literature. Such

superior electrochemical performance of CuCo2S4-MoS2 nanocomposite is related

to the good crystallinity, high structural stability, enhanced interlayer spacing of

MoS2 nanosheets present in the nanocomposite and numerous ion transport channels

created because of the ultra-small lateral size and thickness of the nanosheets. This

work might originate an innovative pathway for the design and fabrication of novel

transition metal dichalcogenides based efficient active electrode material for the next

generation high-performance supercapacitors.

5.3 Scope for Future Work

• Since electrochemical performance depends heavily on the surface morphology,

Brunauer–Emmett–Teller (BET) analysis of CuCo2S4 and CuCo2S4-MoS2 may

be carried out to estimate the specific surface area and further confirm the

superior surface morphology of CuCo2S4-MoS2.

• For a better understanding of the chemical binding energies and chemical states

of CuCo2S4 and CuCo2S4-MoS2 X-ray photoelectron spectroscopy analysis can

be carried.
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• Crystallinity plays an important role regulating electrochemical performance.

Annealing at different temperature can be carried out to improve the

crystallinity and investigate the effect of it on electrochemical performance

of CuCo2S4 and CuCo2S4-MoS2.

• The hydrogen evolution reaction (HER) is the cathodic reaction in

electrochemical water splitting. HER analysis of CuCo2S4-MoS2 can be carried

out to evaluate its suitability to produce hydrogen by water splitting.
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