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1.1 Energy storage systems 

With the technical advancement, production and demand for electrical energy 

rise tremendously in recent years. This drives research in the energy storage sector at 

a greater speed among academia and industry to develop a device for electricity 

storage. Batteries, capacitors, fuel cells, and supercapacitors (SCs) are used to hold 

charges through different mechanisms. The Ragone plot for various energy storage 

and propulsion devices with their „charge‟ times is shown in Figure 1.1. The 

availability of different materials for the production of different components of energy 

storage devices such as an electrode, electrolytes, packing materials, and production 

process are some of the important key points which decide the price of device. 

Different electrode materials have been extensively investigated with the intention to 

change production methods, increase energy storage capacity and electrochemical 

stability. The capacity and stability of electrode material are depending on electrolyte 

used. Researchers have mainly focused to produce low cost and less hazardous 

electrode materials [1]. 

 

Figure 1.1: Ragone plot for various energy storage and propulsion devices and their 

„charge‟ time [2]. 

Increasing applications of portable and lightweight electronics require a suitable 

energy storage device possessing long life and flexibility. Lithium-ion batteries 

(LIBs) and SCs are convenient to use in portable electronics as energy storage 

devices. Both of them store energy with different mechanisms, the former one via 

bulk redox reactions, and the latter by electrostatically (for carbon materials) or via 
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reversible redox reactions taking place at the surface of the electrode (transition metal 

chalcogenides, silicates, carbides, nitrides, and phosphates) [3]. 

The SCs are the most promising energy storage device so far as services life, 

specific power (SP), and safety are concerned. Various designs of SCs were put 

forward to improve charge storage capacity. The scientific community is engaged in 

preparation of materials through different methods for SCs. The electrolytes inside 

SCs are most important part of the design. The energy stored (E) in the SC can be 

calculated using relation E = 0.5CsV
2
; where Cs is the specific capacitance measured 

in F g
-1

 and V is the operating potential window in V. A feasible way to increase 

energy storage capacity of the SCs is either to raise Cs or operating potential [4].  

Currently, market of SCs is dominated by electric double layer capacitor 

(EDLC) materials, as it is economical and highly stable. However, considering charge 

storage capacity, EDLC materials lag behind pseudocapacitive materials. Therefore, it 

is necessary to investigate pseudocapacitive electrode materials which store more 

electric energy. The new class of materials was formed by the combination of EDLC 

and pseudocapacitor materials which store energy via both EDLC and 

pseudocapacitive mechanisms and capable of operating stably at comparative high 

voltages with long cycle life [5, 6]. 

1.2 Supercapacitor 

1.2.1 Evolution of supercapacitors 

The storage of electrical energy in a double layer formed at the interface of 

electrode and electrolyte was put forth in the 19
th

 century. The company, General 

Electric, Boston (USA) reported the first EDLCs in 1957 based on porous carbon 

electrodes [7]. However, this device was not commercialized because of its 

impractical flooded battery like storage mechanism in which both the electrodes were 

required to be dipped in an electrolyte container. Further, in 1966 the Standard Oil 

Company of Ohio was succeeded in the development of an energy storage device by 

utilizing high surface area carbon materials in tetraalkylammonium salt electrolyte 

[8]. In 1988, the Nippon Electric Company (NEC) produced the first world's smallest 

chip type solid tantalum electrolytic capacitor. Initially, these devices were employed 

for memory backup systems and later on for various consumers‟ appliances. In 1980, 
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Matsushita Electric Industrial Co. (Panasonic) invented “Goldcap”. These devices 

were also used in memory backup systems. The main difference between Panasonic 

and NEC devices was the electrolyte. For the construction of SC, NEC used an 

aqueous electrolyte while Panasonic used a non-aqueous electrolyte. In 1975-1985, 

Convey developed new conception of charge storage mechanism based on fast and 

reversible redox reactions occurring near the surface or in the bulk of electrode 

material. Convey used ruthenium oxide (RuO2) as a pseudocapacitive material and 

performed several experiments. In 1987 ELNA had begun to produce a double layer 

capacitor by the name “Dynacap”. The first high power double layer capacitors were 

developed by PRI under the name “PRI Ultracapacitor” in 1982 using metal oxide 

electrodes. 

In 1990, the entire research field in SCs becomes more significant to develop 

high performance SC devices. The US department of energy in 1992 announced its 

ultracapacitor development program at Maxwell Laboratories. Many companies all 

over the world like ELTON, CAP-XX, Nippon Chemi-Con Corporation, NessCap, 

etc., are manufacturing SCs. 

1.2.2 Basic working principle 

In SCs, electric charges are stored at the interface of electrode and electrolyte, 

although the electrolyte ions with different charges are organized on the electrolyte 

side (see Figure 1.2). 

The electric charge storage mechanism of ordinary capacitor and SC is same but 

the difference is in the dielectric and electrolyte material. The Cs of SC devices 

mainly depends on the specific surface area of electrode plates and the distance 

between the two plates. The capacitance of electrochemical capacitor is calculated as, 

   
  

 
        (1.1) 

where C is the capacitance of electrochemical capacitor, ε is dielectric constant of the 

vacuum, d is distance between electrolyte ions and the electrode and A is the specific 

surface area of the active electrodes. The specific energy (SE) and specific  power (SP) 

of electrochemical capacitor can be estimated by the following equations, 
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,   (1.2),  and     

          

  
   (1.3) 

where Cs is specific capacitance,    is a potential window of SC, and dt is the 

discharging time. 

 

Figure 1.2: Schematic of an electrochemical capacitor. 

 

Chart 1.1: Classification of supercapacitors. 

1.2.3 Types of supercapacitors 

The electric charge storage mechanism divides SCs into different types as 

symmetric supercapacitor (SSC), asymmetric supercapacitor (ASC), and hybrid 

capacitor (HSC) [9]. The SCs are administrated by the same fundamental equations as 

an ordinary conventional capacitor but offer higher specific surface area using a 

porous surface electrode and polymer gel electrolyte to reach higher Cs. The graphical 

presentation of different classes of SCs is summarized in Chart 1.1. 

1.2.3.1 Symmetric supercapacitors (SSCs) 
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The combination of two similar types of electrodes to form SC can be termed as 

SSC. The SP of SSCs could be lower than the ASCs due to the lower potential 

window. Carbon nanotubes (CNTs)//CNTs and MnO2//MnO2 are representative 

examples of SSC devices [10]. As both electrodes are from similar materials, the 

charge balance can be achieved easily in this case. 

1.2.3.2 Asymmetric supercapacitors (ASCs) 

The configuration of SC device which uses two dissimilar electrodes is called 

ASC. This type of configuration is expected to be a promising way to assemble a cell 

that will provide equivalent SP as that of SCs. With the combination of the electrodes 

having different charge storage mechanisms, one can manage to improve the 

electrochemical properties of the new cell. Usually, the electrodes based on 

pseudocapacitive and EDLC charge storage mechanisms were assembled. The ASCs 

can operate at high voltage and provide longer electrochemical stability and high 

energy density at high current rates. In simple words, the term ASC can be used when 

both EDLC or one EDLC and one pseudocapacitive or both pseudocapacitive 

electrodes are in cell assembly. AC//CNTs, AC//MnO2 [11], and MnO2//Fe2O3 [12] 

are few representative examples of the ASCs devices. The final voltage of ASCs is 

decided by the working voltages of the individual electrodes [13]. To achieve 

maximum working potential and SE, the charges stored (Q) on both constituent 

electrodes must be balanced i.e. Q- = Q+ [14]. Typically the charges stored are 

associated with the electroactive mass (m), potential window (ΔE), and Cs of the 

electrode material. Best mass ratio of the electrodes were calculated from following 

relation, 

  

  
  

        

        
         (1.4) 

where the signs + and – indicate the entity for positive and negative electrodes, 

respectively. The Cs of the electrode material can be calculated theoretically using 

following relation [15], 

    
   

    
       (1.5) 

where F, n, and m are the Faraday‟s constant (96485 C mol
-1

), number of transferred 

electrons and molecular weight (MW) of active material, respectively.  
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The selection of electrode materials plays a crucial role in deciding final 

working voltage of ASC device. The selection of electrolyte also plays a vital role in 

voltage window of the ASC devices. Thermodynamically the oxidation and reduction 

reactions in materials are associated with the work function of material. Therefore, the 

electrodes with the largest work function can offer a higher working voltage. Thus the 

following relation is used to calculate possible working voltage window of ASCs, 

                
 

            
              (1.6) 

where    and    are the work functions for the positive and negative electrodes, 

respectively and    is the Avogadro‟s constant (6.02 × 10
23

 mol
-1

) [16]. For SSCs,  

   =    and            hence, the potential window is limited to their three 

electrode measurement. 

1.2.3.3 Hybrid supercapacitor (HSCs) 

The capacitors are high power devices and store a small amount of electricity 

whereas the batteries are a type of device having high SE but lacking SP. These two 

materials can be brought together in one device to boost both SE and SP. Configuration 

of energy storage devices consisting of one capacitive (carbon) and another battery 

type (NiO) electrode in one device is called hybrid supercapacitors (HSCs). These 

types of SCs show deviation from charge storage mechanism of the EDLC and 

pseudocapacitors. In HSCs, a high working voltage can be achieved to reach the 

redox potential of pseudocapacitive material which eventually enhances SE and SP of 

the SCs [17]. Despite high capacity and wide operating voltage of HSCs, due to one 

of the battery type electrodes lead to lesser rate capacity and cycle life. 

This problem was mitigated by the fabrication of electrodes with layered and 

porous nanostructured materials that can ensure easy intercalation/deintercalation of 

the charges. There are many ways which were put in practice to produce porous 

nanostructured electroactive electrode. This will reduce charge transport length and 

increase exposed electroactive surface areas which provide more accessible storage 

sites. The systematic composition of pseudocapacitive material with highly 

conductive carbon allotropes such as graphene, CNTs, activated carbons (AC), etc., 

was proposed to overcome the issue of sluggish kinetics involved in the charge 
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storage process [18]. The electrochemical characteristics of the HSCs deviate from the 

capacitive behavior due to hybridization.  

1.2.4 Types of electrode materials 

The electrode material to be used for charge storage must go under redox 

reaction or hold charges by non-faradaic charge transfer. To accomplish outstanding 

charge storage capacity, electrode material must possess good electrical conductivity, 

surface structure with proper pores size, and high specific surface area. Some of the 

requirements of electrode material are (a) low synthesis cost, (b) environment friendly 

or less hazardous, (c) good electrical conductivity, (d) thermally and chemically stable 

inside the electrolyte being used, and (e) a high specific surface area with appropriate 

pore size provides more electroactive site for electrochemical redox reactions. 

 

Chart 1.2: Classification of supercapacitor electrodes based on charge storage 

mechanism. 

Although carbon based materials are thermally and chemically stable and offer 

high conductivity hence become one of the first choices for the EDLC type SC. The 

pseudocapacitive materials such as metal chalcogenides, hydroxides, nitrides, 

silicates, carbides, and conducting polymers are applied as pseudocapacitors, due to 

their ability to undergo reversible redox reactions which can store high charges than 

EDLC materials [19, 20]. 

1.2.4.1 Electrochemical double layer capacitor (EDLC) 

Carbon based electrode materials are EDLCs type materials. Besides having 

high power capability than batteries, their charge storing and charge releasing 

mechanism is efficiently reversible, so they are extremely promising candidates with 
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long charge/discharge life. Carbon allotropes such as AC, carbon aerogels, graphene, 

reduced graphene oxide (rGO), graphite paper, and CNTs have been investigated 

enormously to get high performance of electrode material due to its properties like 

superior conductivity, excellent thermal and electrochemical stability in all types of 

electrolytes. Lower cost and larger specific surface area (up to 3000 m
2
 g

-1
) make 

EDLC materials a first choice for the SCs application [21]. 

1.2.4.2 Pseudocapacitive materials 

Transition metal compounds such as chalcogenides, silicates, carbides, nitrides, 

and polymers such as polyaniline (PANI), polypyrrole (PPy), and polythiophene 

(PTh), etc., are studied extensively. Among these, transition metal chalcogenides 

(TMCs) have received well deserved attention due to their excellent electrical 

conductivity and thermal stability as compared to other mentioned transition metal 

compounds and polymers owing to achieve high capacitance and SE for portable 

energy storage devices [22, 23]. 

1.2.4.2A Transition metal chalcogenides (TMCs) 

Presently, nanostructured TMCs are used as the electroactive material for SC. 

The metal constituents having different oxidation states affect the electric 

conductivity of electrode material which is beneficial for high electrochemical 

performance [24]. Peng et al. [25] were developed a SC electrode composed of CuS 

microspheres with PPy sheet-like structure to enhance the pseudocapacitive 

performance. Three layer nanostructure of CuS/rGO/Ni3S2 composite was in-situ 

grown on nickel foam (NF) through a one-step hydrothermal assisted method by 

Wang et al. [26]. The arrays of CuS ultrafine nanoneedles supported on a CNT 

backbone were fabricated by template engaged chemical conversion route by Zhu et 

al. [27]. Bulakhe et al. [28] prepared copper sulfide with different morphologies for 

high performance SCs using successive ionic layer adsorption and reaction (SILAR) 

method. A double sided mesh electrode coated with Cu2S film and carbon 

nanoparticles was reported by Shi et al. [29]. Hsu et al. [30] testified CuS nanowire 

array with a hierarchical nanoarchitecture directly on copper foil using a simple and 

cost effective liquid-solid reaction for SC application. Huang et al. [31] synthesized 

CuS with different morphologies via a simple one step solvothermal method with or 
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without surfactants. The solvothermal method used for the preparation of 3D 

hierarchical covellite CuS microspheres from an ionic liquid precursor was reported 

by Zhang et al. [32]. Qian et al. [33] achieved a high Cs of 2393 F g
-1

 at 10 mV s
-1

 for 

CuS nanotubes in redox active polysulfide electrolyte through a combination of 

pseudocapacitance of CuS nanotubes in the electrolyte. Chen et al. [34] reported 

synthesis of CuS/MWCNT by one step hydrothermal process and Cs of 2831 F g
-1

 

was obtained from the nanotubes structured surface. 

1.2.4.2B Conducting polymers 

PANI, PPy, and PTh are the polymers used as the electrode material for SCs. 

The performance of SC is elevated by the better electric conductivity of polymers. 

Generally, the potential window of these conducting polymers is stationary. Due to 

the degradation of the polymers in the electrolyte after cycling performance of the 

polymer based electrodes reduced significantly. Peng et al. [35] reported a Cs of 480 F 

g
-1

 for PPy electrodes. Dubal et al. [36] prepared PPy thin films using the 

electrodeposition method which gives Cs of 586 F g
-1

. The composite of CNTs and 

conducting polymers were prepared by Zhou et al. [37] for pseudocapacitor 

application. Ambade et al. [38] reported synthesis of PTh electrode by 

electrochemical method and obtained Cs of 425.4 F g
-1

. 

Recently, to increase specific surface area, thermal stability, and electrical 

conductivity polymers were composited with the EDLC materials in various 

compositions using different methods of preparations. 

1.2.4.2C Other pseudocapacitive materials 

The capacitance and energy density of TMCs are much higher than those of 

carbon based materials. However, the distortion that occurred in the microstructure of 

TMCs due to the repeated charge discharge process ultimately results in lower cycle 

life. For practical application along with higher energy density cycling stability 

becomes crucial for pseudocapacitive materials. Thus, synthesis of material 

possessing high degree of porosity with outstanding electrochemical performance is 

crucial for achieving higher SE and SP. It is well known that the capacitance of 

pseudocapacitive materials depend on the number of parameters, such as crystallinity, 

porosity, specific surface area, and mass loading of the electrode. Therefore, the need 
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for advanced functional materials is growing. To develop new materials, various 

transition metal compounds were synthesized and tested for supercapacitive 

properties. Chodankar et al. [39] fabricated MoN nanoparticles as pseudocapacitive 

material on phosphorus incorporated carbon fabric and achieved Cs of 400 mF cm
-2

. 

Wang et al. [40] prepared MnSi, CoSi, and NiSi by a hydrothermal method and 

reported Cs of 517.0, 452.8, 66.7 F g
−1

 at 0.5 A g
−1

, respectively. Rakhi et al. [41] 

prepared nanocrystalline ε-MnO2 whiskers on MXene nanosheet surfaces (ε-

MnO2/Ti2CTx and ε-MnO2/Ti3C2Tx) to make nanocomposite electrodes for aqueous 

pseudocapacitors and obtained Cs of 212.1 F g
-1

 at the current density of 1 A g
-1

. 

Marje et al. [42] prepared nickel phosphate thin films by chemical bath deposition 

(CBD) method and reported Cs of 1031 F g
−1

 at a current density of 0.5 mA cm
−2

. 

Lokhande et al. [43] reported the hydrothermal synthesis of cobalt tungstate 

nanocomposite (CNT-CoWO4) as SC electrode material with Cs of 1486 F g
-1 

at 5 mV 

s
−1

. 

1.2.5 Electrolytes 

The inorganic salt dissolved in perfect ionizing solvent and the resultant 

solution is electrically conductive called an electrolyte. The conductivity of the 

electrolyte depends on the amount of salt dissolved in the unit volume of the solvent. 

The electrolyte plays important role in the electrochemical performance of SC. The 

type of electrolyte and solvent decides operational potential window of the SC hence, 

directly impacts on SE and SP. Depending upon physical state of electrolytes, there are 

two classes of electrolytes as liquid and solid state electrolytes (SSEs). Both of these 

have their advantages and disadvantages. There is another classification of the 

electrolytes based on the nature of solvent as protic and aprotic electrolytes. Protic 

electrolytes are the electrolytes in which polar solvent is used to dissolve salt e. g. 

water. In aprotic electrolyte nonpolar solvent is used to dissolve salt e.g. ethylene 

carbonate, propylene carbonate [44, 45]. 

1.2.5.1 Liquid electrolyte 

There are two groups of liquid electrolytes depending on the type of solvent 

used for preparation; the aqueous and organic electrolytes. Usually, water based 

electrolytes are largely used to fabricate SCs, because of their lower cost, easy 
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preparation way, less toxic nature, and large ionic conductivity (~10
-3

 S cm
-1

) [46]. 

But dissociation of the water at 1.23 V limits operating potential window and overall 

performance of SCs. In the case of organic electrolyte, the operating potential window 

can be extended up to 3.0 V but safety issues associated with it, like flammability and 

toxic nature of solvents and solutes are of major concern. The higher size of organic 

molecules (15-20 Å) and lower ionic conductivity are the reasons for lower Cs in the 

organic electrolyte. Lower Cs values lead to less energy and power density compared 

to the water based SCs, but this can be compensated by the wide operating potential 

window. 

Both water based and organic electrolyte have their limitations and drawbacks 

such as high cost of packaging material and requirement of superior techniques to 

avoid possible leakage of the electrolytes, as most of the electrolytes are highly toxic 

and corrosive. Fabrication of micro and flexible SCs with liquid electrolytes is 

complicated. Reduction in energy efficiency due to evaporation of the electrolyte is 

another limitation of the liquid electrolyte. Therefore, it is necessary to formulate 

novel electrolyte composition which is more appropriate for flexible and micro SC 

devices in comparison to the liquid electrolyte. However, to date, there is no known 

perfect electrolyte suitable for all types of electrodes for achieving high performance 

next generation SCs. 

1.2.5.2 Solid state electrolyte (SSE) 

The issues of safety and power density remain with the use of flammable liquid 

electrolytes. This also restrains scaling up production. The application of SSEs will 

address these issues. The much higher thermal stability of SSE makes their best 

choices for next generation energy storage devices. The inorganic SSE can work into 

a wide range of temperatures (223 K to 473 K or greater). Inorganic SSEs exhibit high 

ion conductivity of over 10
-4

 S cm
-1

 with high thermal stability owing to the inflexible 

crystal structure. But the performance of these electrolytes is very low because of 

poor interfacial contact between electrolyte and electrode. Another problem faced is 

the loss of capacity due to mechanical and electrochemical reasons. So, the 

manufacturing of inorganic SSE compatible for a variety of electrode materials is the 

need of time [47, 48]. 
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Polymer gel electrolytes have attracted considerable research attentions with the 

increasing demand for wearable, lightweight, and flexible energy storage devices. 

Polymer electrolytes used in solid state SCs not only avoid the safety risk such as 

leakage and volatility but also greatly reduce the cost of encapsulation and provide 

more design opportunities for novel configuration of devices. They are usually 

divided into two types: gel polymer electrolytes (consisting of the polymer matrix, 

plasticizer, and supporting salt) and solid polymer electrolytes (without any solvent). 

However, given that the ultralow room temperature ionic conductivity of solid 

polymer electrolytes limits the further utilization in SCs. Gel polymer electrolytes are 

preferable and have been extensively prepared and investigated for solid state SC 

applications 

The research in the field of gel polymer electrolytes encompasses investigations 

of the physical and chemical behaviors of the solids with fast ion movement within 

the bulk as well as their technological aspects. These gel polymer electrolytes are also 

called the „superionic solids‟ or „fast ion conductors‟. The gel polymer electrolytes 

show tremendous scope to develop solid state mini/micro electrochemical devices viz. 

batteries, fuel cells, SCs, electrochromic displays, sensors, photoelectrochemical 

(PEC) solar cells, etc. Mobile ions are the principal charge carriers in SSE. The SSEs 

have high ionic conductivity in the range of 10
-2 

to 10
-4

 S cm
-1

. They possess high 

thermal and electrochemical stability. 

The ion transformation in this electrolyte is principally governed by the 

thermally generated point defects such as Schottky and Frenkel defects. They possess 

very low room temperature ionic conductivity of an order of 10
-16

 to 10
-12

 S cm
-1

 and 

usually, they are considered as an insulator. Many efforts were made to increase the 

extent of ionic conductivity by aliovalent doping, but with very limited success. 

However, major breakthrough was achieved in 1973, when materials science 

introduced the polymer based solid electrolyte [49]. Polymer electrolytes are defined 

as polymeric membranes which possessing the ion transport property comparable to 

the liquid electrolyte. The signification of polymer electrolytes with other solid 

electrolytes is in terms of high mechanical flexibility, ionic conductivity (~10
-3

 S cm
-

1
) at room temperature, and ease of preparation [50]. For reliable solid state 
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electrochemical application, polymer electrolyte should possess the following 

features; 

 High ionic conductivity: To achieve electrochemical performance, comparable to 

liquid electrolyte the ionic conductivity of polymer electrolyte should be 10
-3

 S cm
-

1
 at room temperature. 

 High chemical, thermal and electrochemical stability: The SC is fabricated by 

sandwiching the polymer electrolyte in between two electrodes. To avoid the 

undesired chemical reactions at the interface of electrode/electrolyte, polymer 

electrolyte must have high chemical stability. Further, to get a wider operating 

temperature range for SC, electrolyte must be thermally stable. Additionally, they 

should have excellent electrochemical stability to get high operating potential 

window. 

 Mechanical strength: The polymer electrolyte must have the good mechanical 

strength to scale up manufacturing. 

 Compatibility: To achieve the highest performance without depletion, the 

polymer electrolyte should be compatible with different types of electrode 

materials. 

 Improved safety: To improve safety, the polymer electrolyte should be liquid free, 

so can be packed in plastic container other than metal one to avoid buildup of 

internal pressure. This will reduce the probability of explosion by a greater 

amount. 

 Serve as a separator: In SC, a polymer electrolyte acts as a separator as well as 

conducting medium in between two electrodes. It avoids the necessity of a 

separator. Based on physiochemical properties many routes are adopted for the 

synthesis of polymer electrolytes. They are classified into various groups such as 

plasticized polymer electrolytes, rubbery electrolytes, and solvent-swollen polymer 

electrolytes [51]. 

In last decade, the polymer gel electrolytes are predominately used to develop 

SCs, as they possess both the cohesive properties of solid and diffusive transport 

properties of the liquid [52, 53]. Typically, polymer gel electrolytes are prepared by 

entrapping the liquid electrolyte within the polymeric network. The ionic conduction 

occurs through the motion of liquid electrolytes, whereas polymer provides the 

mechanical integrity. Due to their gel like nature and much lower liquid content, it is 
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expected that the polymer gel electrolytes are less reactive than their liquid electrolyte 

counterparts [54]. 

The advantages of polymer gel electrolytes are higher ionic conductivity 

(comparable to SSEs), sufficient potential window (3.0 V), mechanical flexibility, and 

interfacial stability. Previously, polyacrylate (PAA) [55], poly (ethylene oxide) (PEO) 

[56], poly (vinyl alcohol) (PVA), polyacrylonitrile (PAN) [57], poly (vinylidene 

fluoride) (PVdF), poly (vinylidene fluoride-cohexaflluoropropylene) (PVdF-co-HFP) 

[58] and poly (methyl methacrylate) (PMMA) [59] were used as host polymers for 

preparing polymer gel electrolytes. Commonly used organic solvents are EC, PC, and 

ethyl methyl carbonate (EMC), but organic solvents are generally often toxic, 

flammable, and expensive. Therefore, replacement of organic solvents with aqueous 

solvents is highly suitable. The aqueous gel electrolytes can also substantially reduce 

device cost. 

1.3 Flexible solid state supercapacitors (FSS-SCs) 

Recent scope toward the fabrication of small size portable electronic devices 

needs a small size flexible electric charge storage device. Nowadays, Li-ion batteries 

and flexible solid state supercapacitors (FSS-SCs) devices are appropriate in the 

fabrication of microelectronics. The properties like long cycle life, high SP, safety, 

flexibility, and stability of FSS-SCs are beneficial for energy storage applications. 

The schematic of FSS-SCs is shown in Figure 1.3. The current collector with a thin 

layer of electroactive material acts as one electrode. If the device is symmetric then 

the two electrodes are of the same type. For ASCs device two electrodes are of 

different types. The solid polymer gel electrolyte is used as an electrolyte as well as 

separator and all this assembly is packed in suitable packaging materials [60]. 

The earlier reports show the studies of ordinary conventional capacitors in 

which aqueous, organic or ionic liquids are used as electrolytes. Because of liquid 

electrolytes, the problems like leakage and electrochemical cycling stability arise. 

Leakage problem demands a need for proper packaging. It increases the cost of SC 

devices which limits the use of the device in portable electronics. Furthermore, due to 

liquid electrolytes, the size of SCs reduces up to a certain limit which restricts the use 

of such devices in smaller electronic parts. Liquid organic electrolytes are toxic and 

harmful to human beings. Additionally, aqueous electrolytes evaporate at higher 
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temperatures. Along with these devices, a new class of energy storage devices like 

FSS-SCs achieved greater attention due to their higher storage and cycling stability. 

Also, it has the advantages like small size, light weight, convenient, excellent 

reliability, high operating potential window and ability to withstand at high 

temperatures. For fabrication of FSS-SCs devices, flexible electrodes and solid 

polymer gel electrolytes are required, which can hold their properties even at bending 

or twisting. 

 

Figure 1.3: The schematic of FSS-SCs. 

The FSS-SCs have same positive and negative electrodes sandwiched with 

polymer gel electrolyte [61]. The overall capacitance of SC device is calculated using 

the following equation. 

    ⁄          ⁄⁄        (1.7) 

where C is the overall capacitance of the device, Cp and Cn are the capacitances of 

anode and cathode, respectively. Table 1.1 shows the results obtained for symmetric 

FSS-SCs devices. 

The relation between SE, SP, and operating voltage of SC states that values of SE 

and SP can be increased with increasing potential window and Cs. The increase in the 

potential window may cause a reduction in the cycling stability of the SCs due to 

irreversible chemical reactions that occur at the interface of the electrode and 

electrolyte. These reactions reduced active material and form a chemically inactive 

layer at the interface. Fabrication of the FSS-ASCs device is one of the best ways to 
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increase the working voltage of the SCs. To increase stability of the electrode 

materials well known way is to composite the pseudocapacitive electrode material 

with the EDLC material. The electrochemical characteristics of individual electrodes 

decide the performances of asymmetric FSS-SCs. Table 1.2 shows the results 

obtained for asymmetric FSS-SCs in previous reports. 
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Table 1.1: Previous results obtained from FSS‒SSCs device. 

Sr. 

No. 

Configuration Electrolyte Specific 

capacitance 

Energy density 

 

Power density 

 

Electrochemical 

stability (%) 

(cycles) 

Ref. 

1 Ni3S2@rGO//Ni3S2@rGO PVA-KOH 865 F g
-1

 45.8 Wh kg
-1

 3700 W kg
-1

 92 (30000) [62] 

2 Carbon cloth//Carbon 

cloth 

PVA-H2SO4 ------ 4.27 mWh cm
−3

 1.32 W cm
−3

 93 (5000) [63] 

3 rGO–PMo12//rGO–

PMo12 

PVA-H2SO4 3.18 F cm
-3

 1.07 mWh cm
−3

 12 mW cm
-3

 ------ [64] 

4 CuCo2S4//CuCo2S4 PVA-KOH 35.83 mF cm
−2

 7.2 µWh cm
−2

 599.9 µW 

cm
−2

 

50 (1500) [65] 

5 MnO2-CNTs-G//MnO2-

CNTs-G 

PVA-LiCl 31 mF cm
−2

 3.1 μWh cm
−2

 120 μW cm
−2

 82 (10000) [66] 
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Table 1.2: Previous results obtained from FSS‒ASCs device. 

Sr. 

No. 

Configuration Electrolyte Specific 

capacitance 

Energy density 

 

Power density 

 

Electrochemical 

stability (%) 

(cycles) 

Ref. 

1 NPG@MnO2//CNT/carbo

n paper 

PVA-LiCl 12 mF cm
–2

 at  0.3 

mA cm
–2

 

5.4 μWh cm
–2

 284 μW cm
–2

 90 (2000) [67] 

2 CF@MnO2//Fe3O4 PVA-LiCl 16 mF cm
-2

 at 0.5 

mA 

9 μWh cm
-2

 532.7 μW cm
-2

 99 (2000) [68] 

3 Co3O4/NiCo2O//N-rGO PVA-KOH 251 mF cm
−2

 75 Wh kg
−1

 3000 W kg
−1

 94 (10000) [69] 

4 FeCo2O4@polypyrrole//A

C 

PVA-KOH 194 F g
-1

 at 1 A g
-1

 68.8 Wh kg
-1

 800 W kg
-1

 91 (5000) [70] 

5 CuO//CuS PVA-KOH 123 F g
-1

 at 5 mV s
-1

 22.8 Wh kg
-1

 2.5 W kg
-1

 96 (5000) [71] 

6 CoSe2//MnO2 PVA-LiCl 1.77 F cm
-3

 at 1 mA 

cm
-2

 

0.58 mWh cm
-3

 0.282 W cm
-3

 94.8 (2000) [72] 
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1.4 Literature Survey 

The transition metal sulfides and selenides have attracted great attention due to 

their excellent physical and electrical properties useful for applications in electronic, 

optical, and optoelectronic devices [73]. In recent years, nanostructured transition 

metal sulfides and selenides have been investigated as a new class of energy storage 

material. The common characteristic of sulfides and selenides is that their metal 

constituent can appear in two or more valence states [74]. Also, while modeling 

anodic oxidation reaction of covellite, it was established that the equivalent electrical 

circuit has to contain one relatively high capacitor. The literature survey of transition 

metal sulfides and selenides based electrode materials for energy storage is given in 

Table 1.3. 

1.4.1 Copper sulfide 

Metal chalcogenides thin films are studied for various applications such as 

electrochemical SCs, solar cells, electrophotocatalysis, etc., because of their 

structural, electrical, mechanical properties. Copper chalcogenides belong to I-VI 

compounds [75]. Copper(II) chalcogenides have general formula CuX where, X = O, 

S, Se, Te and show hexagonal close-packed crystal structure. Though they are not 

studied very much for energy storage purposes, it is quite competitive material for SC 

application. Patil et al. [76] synthesized pure hexagonal CuS having porous 

nanoflower-like morphology which helped in higher electron transfer and shortens ion 

diffusion pathway. The electrode exhibited Cs of 1818.2 F g
-1

 at a scan rate of 5 mV s
-

1
 with electrochemical stability of 92%. Naveed et al. [77] reported template free and 

facile microwave assisted synthesis of mesoporous copper sulfide nanosheets 

possessing Cs of 2535 F g
-1

 at a current density of 1 A g
-1

 in an aqueous 2 M KOH 

electrolyte. Zhao et al. [78] prepared copper sulfide (Cu2S) microspheres by reducing 

copper sulfate with ascorbic acid in sodium thiosulfate solution at room temperature 

exhibited a maximum Cs of 444.2 F g
−1

 at the current density of 1 A g
−1

. Marimuthu et 

al. [79] synthesized CuS thin films using hydrothermal method on FTO conductive 

glass substrate. The Cs of the flower-like morphological electrode was found to be 

10.04 mF cm
-2

. Durga et al. [80] prepared leaf-like nanostructure of copper sulfide 

using CBD method and found Cs of 1041.36 F g
−1

 at a current density of 4 A g
−1

. Raj 

et al. [81] reported Cs of 72.85 F g
-1

 for CuS electrode prepared using CBD method. 
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Raj et al. [82] reported Cs of 4.9 mF cm
-2

 for CuS based planer SC device. Zhao et al. 

[83] reported preparation of rGO supported CuS nanoparticles using solvothermal 

reaction method possessing Cs of 946 F·g
-1

 at the scan rate of 10 mV s
-1

. Kumar et al. 

[84] synthesized flower-like Cu1.8S nanostructures with a Cs of 1050.0 F g
-1

. Li et al. 

[85] prepared an array of CuS nanoplatelets on graphene nanosheets with Cs of 497.8 

F g
–1

 at a current density of 0.2 A g
–1

. 

1.4.2 Copper selenide 

Copper selenide is the other possible copper chalcogenide compound that may 

be used as electrode material for SC with the support of rGO. Sandoval-Paz et al. [86] 

prepared copper (I) selenide thin film by using CBD method with the band gap of 2.0 

eV. The electrical resistivity was of the order of 10
-3

 Ω cm. Tan et al. [87] prepared 

CuSe@rGO/CNTs composites by using hydrothermal method; which exhibited high 

surface area and excellent conductivity. Pathan et al. [88] reported the preparation of 

CuSe thin film by SILAR method for solar cell application with a band gap of 2.35 

eV and electrical resistivity of the order of 10
-1

 Ω cm. Hankare et al. [89] synthesized 

CuSe thin film on glass substrates by CBD method having an electrical conductivity 

of the order of 10
−3

 Ω cm. Zardkhoshoui et al. [90] used hydrothermal method for 

preparation of copper-cobalt selenide hollow spheres with Cs of 1775.4 F g
-1

 at a 

current density of 1 A g
-1

. Moosavifard et al. [91] reported nanoporous copper‑cobalt 

selenide hollow spheres prepared through a simple self template procedure exhibited 

specific capacity of 562 C g
-1

 at current density of 2 A g
-1

. Pazhamalai et al. [92] 

prepared CuSe2 nanoneedles on copper foil possessing Cs of 1037.5 F g
-1

 at a constant 

current density of 0.25 mA cm
-2

. Deka et al. [93] synthesized Cu-Co nanowires on 

carbon fiber using hydrothermal method with Cs of 28.36 F g
-1

. Zhang et al. [94] 

reported ternary alkali metal copper chalcogenide KCu4Se8 nanowires with Cs of 25.3 

F g
-1

 at the scan rate of 5 mV s
-1

. Wang et al. [95] prepared Ni4.5Co4.5-selenide 

nanowires on carbon cloth exhibiting a specific capacity of 1333 C g
-1

 at a current 

density of 1.2 A g
-1

. 
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Table 1.3: The literature survey of metal chalcogenide based supercapacitor. 

Sr. 

No. 

Material Method of preparation Surface 

morphology 

Electrolyte Potential 

Window 

Specific 

capacitance/ 

capacity 

Electrochemical 

stability (%) 

(Cycles) 

Ref. 

1 Ni4.5Co4.5-selenide Hydrothermal Nanowires 6 M KOH −0.1 to 0.6 V 1333 C g
-1

 120 (10000) [95] 

2 NiCo2S4 Hydrothermal Core−shell 3 M KOH 0 to 0.5 V 1098 F g
-1

 Not reported [96] 

3 NiCoS Solvothermal Nanosheets 2 M KOH 0 to 0.6 V 1653 F g
-1

 84 (3000) [97] 

4 NiFeS2 Solvothermal Nanosheets 6 M KOH 0 to 0.5 V 1051 F g
-1

 90 (1000) [98] 

5 NiCo2S4 Hydrothermal Nanosheets 6 M KOH 0 to 0.45 V 1687 F g
-1

 Not reported [99] 

6 Nickel–zinc sulfide Magnetron co-sputtering 
Cone-shaped 

particles 
2 M KOH 0.1 to 0.7 V 134 C g

-1
 90 (3500) [100] 

7 NiCoMn-S Hydrothermal Nanoparticles 6 M KOH 0 to 0.55 V 661 C g
-1

 86 (1000) [101] 

8 Nickel cobalt sulfide Microwave-assisted Nanosheets 3 M KOH 0 to 0.6 V 226 mAh g
-1

 Not reported [102] 

9 MoS2 Hydrothermal Nanospheres 1 M LiCl −0.8 to 0.8  V 368 F g
-1

 Not reported [103] 

10 MoNiCoS Electrodeposition Microspheres 2 M KOH 0 to 0.5 V 1472 F g
-1

 98 (5000) [104] 

11 Cu1.92S Chemical bath deposition 3D-hexagonal 2 M KOH −1.0  to 0.8 V 1173 Fg
-1

 99 (3000) [105] 

12 Co9S8 Atomic layer deposition Sheets 2 M KOH −0.1 to 0.6 V 1645 F g
-1

 94 (2000) [106] 

13 Co9S8 
Self-sacrifice template 

strategy 
Microplate 3 M KOH 0 to 0.6 V 1852 F g

-1
 86 (5000) [107] 

14 NiSe Hydrothermal Nanosheets 2 M KOH 0 to 0.6 V 1790 F g
-1

 70 (1000) [108] 

15 NiSe-CoSe Solvothermal Nanosphere 6 M KOH 0 to 0.55 V 584 C g
-1

 98 (1000) [109] 

16 NiSe@MoSe2 Hydrothermal Nanosheets 2 M KOH −0.1 to 0.65 V 223 F g
-1

 94 (1000) [110] 

17 (NixCo1-x)0.85Se Hydrothermal Nanoparticles 6 M KOH −1.0 to 0.4 V 172 F g
-1

 91 (2000) [111] 

18 Ni0.85Se Solvothermal Nanoparticles 2 M KOH 0 to 0.8 V 115 mA h g
-1

 74 (5000) [112] 

19 Ni0.85Se Solvothermal Nanoflower 2 M KOH 0 to 0.8 V 1010 F g
-1

 91 (1000) [113] 

20 (NixCo1-x)0.85Se 
Hydrothermal + cation 

exchange 
Nanosheets 3 M KOH 0 to 0.5 V 431 mA h g

-1
 85 (3000) [114] 

mailto:NiSe@MoSe2


 
 
 
Chapter I 

22 
 

21 (Ni, Co)Se2 Solvothermal Microspheres 2 M KOH −0.1 to 0.65 V 106 mAh g
-1

 85 (5000) [115] 

22 NiCoSe Thermodynamic Spear 3 M KOH 0 to 0.6 V 211 mAh g
-1

 90 (5000) [116] 

23 NiCo2Se4/rGO Hydrothermal Needle-like 6 M KOH −1.0 to 0 V 1776 F g
-1

 86 (3000) [117] 

24 Ni3Se2 Electrodeposition Nanorods 1 M KOH 0 to 0.43 V 581.1 F g
-1

 90 (10000) [118] 

25 NiSe Electrodeposition Nanorods 1 M KOH 0 to 0.43 V 1645 F g
-1

 75 (10000) [118] 

26 Ni0.67Co0.33Se2 Hydrothermal Nanosheets 6 M KOH 0 to 0.6 V 447 C g
-1

 97 (5000) [119] 

27 CoSe Electrodeposition Sheets 1 M KOH 0 to 0.4 V 510 F g
-1

 91 (5000) [120] 

28 Co0.85Se Microwave-assisted Nanosheets 2 M KOH 0 to 0.6 V 1580 F g
-1

 Not reported [121] 

29 FeSe2 
KCl-templated 

solvothermal technique 
Flower 1 M LiPF6 −1.2 to −0.2 V 701 mAh g 

−1
 99 (100) [122] 

30 MnSe Solvothermal Microflowers 1 M LiCl 0 to 1 V 1896 F g
-1

 99 (10000) [123] 

31 Zinc-cobalt selenide Heat-treatment Nanowires 3 M KOH 0 to 0.6 V 1419 C g
−1

 83 (5000) [124] 

32 Nickel sulfide/rGO Hydrothermal Nanosphere 2 M KOH 0.15 to 0.55 V 1169 F g
−1

 78 (1000) [125] 

33 
NiS/graphene 

nanosheets (GNS) 

dip and dry” and 

electrodeposition 
Microfibers 6 M KOH 0 to 0.6 V 775 F g

-1
 88 (2000) [126] 

34 Ni3S2-rGO Hydrothermal Nanorods 6 M KOH 0 to −0.75 V 988 F g
-1

 98 (3000) [127] 

35 Co3S4-rGO Hydrothermal Nanosheets 6 M KOH 0 to 0.55 V 1369 F g
-1

 97 (3000) [127] 

36 
NiS on N-doped 

graphene 
Hydrothermal Nanoflakes 6 M KOH −0.5 to 0.4 V 1120 F g

−1
 82 (3000) [128] 

37 
NiS2@regenerative 

graphene oxide 

Hydrothermal Nanoflower 6 M KOH 0 to 0.4 V 1932 F g
−1

 83 (10000) [129] 

38 NiCo2S4@rGO Solvothermal Nanospheres 6 M KOH 0 to 0.45 V 2418 F g
−1

 Not reported [130] 

39 CoS@rGO 
Ultrasound-assisted 

soaking 
Nanosheets 2 M KOH 0 to 0.55 V 773 F g

-1
 90 (3000) [131] 

40 Cobalt sulfide/rGO Hydrothermal Nanoflowers 3 M KOH 0 to 0.6 V 697 F g
-1

 93 (20000) [132] 

41 NiSe2/rGO Solvothermal Nanoparticles 2 M KOH 0 to 0.7 V 138 mAh g
−1

 81 (2500) [133] 

mailto:NiS2@regenerative%20graphene%20oxide
mailto:NiS2@regenerative%20graphene%20oxide
mailto:NiCo2S4@rGO
mailto:CoS@rGO
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1.5 Purpose of the research 

In the last few decades, a lot of efforts have been carried out to improve 

electrochemical performance and design of the SCs in such a way that can efficiently 

power up portable and flexible electronic devices. Equivalent series resistance (ESR) 

of SCs arises from electrode and electrolyte prevents from attaining higher possible 

power densities. Several methods have been adopted for reducing the ESR and are 

developing, such as the rough surface of the collector, and direct growth of 

electroactive material on the current collector. The overall performance of an efficient 

SC generally arises from a high surface area as well as fast and reversible redox 

reactions of active materials. Hence, to enhance the performance of SCs, new 

electrode material with more conductive nature, higher redox potential of cations, and 

large surface area with porous electrode is required. The extensive applications of SCs 

mainly depend on low cost as well as excellent electrochemical performance of the 

electrode material along with cycling life. To increase the performance of the SC, it is 

worth noting that the performance of the SCs depends on electrode material and 

electrolyte being used. Electrode stability and Cs mainly depend on the electrolyte 

used. Therefore, there are a lot of possibilities in the development of active material 

for SC and development of electrolyte. 

There are three types of electrode materials classified according to the nature of 

charge storage mechanism they have in different electrolytes such as carbon based 

EDLC materials, conducting polymer, and transition metal compounds (collectively 

called pseudocapacitive materials) electrodes. Among all these, EDLCs and transition 

metal oxides are largely explored as an active electrode material, in which copper 

chalcogenides are the most studied material and have very promising potential 

towards addressing the issues in the area of SCs. The present work is focused on the 

fabrication of FSS-SCs device using the composite nanostructured CuS@rGO and 

Cu2Se@rGO thin films as an active electrode material and polymer gel electrolyte as 

an electrolyte. The intention behind the fabrication of FSS-SCs device is to check the 

usefulness of active electrode material at a device level and also to assess the 

limitations of liquid electrolyte. 

Nanostructured CuS@rGO and Cu2Se@rGO thin films will be prepared by 

SILAR method, which can accomplish the electrochemical properties of SC 
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electrodes. This method is superior to control the different preparative parameters 

such as the concentration of reactants, number of deposition cycles, pH, and nature of 

the complexing agent, temperature, and time to get desired surface morphology and 

thickness. The SILAR is the simple and cheaper method to prepare the large area thin 

films on different supporting substrates with diverse nanostructures at the low 

reaction temperature. It gives the binder less and additive free thin films by improving 

the interfacial contact of active electrode material and supporting substrate. Further, 

the effects of different preparative parameters will be systematically studied to get 

well adherent and uniform thin films. 

The characterization is an imperative stair in the exotic materials. The complete 

characterization of material includes phase analysis, structural elucidation, 

compositional, surface, and microstructural analysis, which defines the different 

properties of material. The X-ray diffraction (XRD) technique will be employed for 

the phase identification of the material. The surface morphology of film will be 

visualized by the field emission scanning electron microscopy (FE-SEM) technique. 

The Raman and Fourier transform infrared spectroscopy (FT-IR) spectroscopy of the 

samples will be carried out to investigate the chemical bonding and confirmation of 

phase formation. Oxidation states of constituent elements of material will be analyzed 

by X-ray photoelectron spectroscopy (XPS). Further, to examine the specific surface 

area and pore size distribution of the electrode material surface area analysis will be 

carried out using Brunauer-Emmett-Teller (BET) measurement. 

The electrochemical features of CuS@rGO and Cu2Se@rGO electrodes will be 

studied by cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) 

measurement, and electrochemical impedance spectroscopy (EIS) on the 

electrochemical workstation. This will include CuS@rGO or Cu2Se@rGO as a 

working electrode, SCE or Hg/HgO as reference electrode, and platinum sheet as a 

counter electrode. The performance of CuS@rGO and Cu2Se@rGO thin films will be 

evaluated through different parameters such as Cs, electrochemical stability, and 

equivalent series resistance (Rs). In the next step, FSS-ASCs devices will be 

fabricated and the electrochemical performance of FSS-ASCs devices will be 

evaluated out in terms of Cs, SE, SP and electrochemical stability, and Rs. In addition 

to this, the effect of bending on the electrochemical performance of the solid state 

device will be studied to check the applicability in various portable electronic devices. 
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Lastly, the conclusions will be drawn based on electrochemical performance 

asymmetric FSS-SCs device in terms of Cs, operating potential window, SE, SP, and 

electrochemical stability of FSS-ASCs device. 
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2.1 Introduction 

Significant change in physical and chemical properties of the material with 

change in dimensions attracts attention of academics and scientist around the world. 

Development of sophisticated instrumentation for material synthesis and structural 

analysis further accelerated research in the field of low dimensional material synthesis 

[1]. From last decade, computer based simulation using various computational 

methods complement preparation methods while studying materials and material 

systems at diverse dimensions [2]. Nowadays, the most widely used approach in 

nearly all the fields is the application of thin films to improve the physical and 

chemical characteristics of materials. Due to wide variety of functions, solid thin films 

have been adapted in many types of engineering systems, for example photovoltaic 

(PV), sensors and transducers, energy storage systems, electronics, different types of 

catalysis systems and in biological applications [3]. The reliability and performance of 

these devices depend on the characteristics of material used to fabricate these devices. 

Control over different preparative parameters and post deposition treatments gives 

wide scope to modify specific properties of material in solid thin film form. Most of 

technologies make use of fact that the properties can be controlled by variation of 

thickness. Materials thickness varies from few nanometres to several micrometres can 

be called thin film of that material. Notwithstanding, it should be stressed that there is 

no perfect definition of the thickness below which a film becomes thin. The primary 

reason for this is that variation of properties with the thickness differs from material to 

material. The properties of the material in thin film form are changed predominantly 

from their bulk counterpart. The cause behind is the nanocrystalline nature of thin 

film which offers reduction in density and thermal conductivity, rise in volume to 

mass ratio, electrical conductivity are the major causes of the characteristic changes. 

Furthermore, film preparation method greatly affects properties of thin film such as 

crystal structure, crystallinity, roughness, morphology, and reactivity, etc. [4, 5]. 

 The major deposition methods are classified into physical methods like 

vacuum evaporation and sputtering and chemical methods including chemical vapour 

deposition (CVD), photo CVD, laser CVD, metal organo-chemical vapour deposition 

(MOCVD) and plasma enhanced CVD, CBD, electrodeposition, SILAR, 

hydrothermal, anodization, spin coating, spray pyrolysis, liquid phase epitaxy, sol gel 

method, etc. The general classification of thin film deposition methods are presented 
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in Chart 2.1. The necessity of sophisticated instruments which can create high 

vacuum, temperature makes physical methods costlier. Simplicity of instrumentation, 

inexpensiveness, scalability, lower working temperature, ability to deposit materials 

on large substrates and variety of substrate choices makes chemical deposition 

methods more favourable compared to physical methods [6-8]. Various kinds of 

substrates can be employed to deposit thin films due to lower working temperature. 

Prohibition of oxidation of metallic substrates is another advantage of lower working 

temperature [9]. 

The structural, morphological and elemental characterization techniques such 

as XRD, FT-IR, Raman spectroscopy, FE-SEM, energy dispersive X-ray 

spectroscopy (EDAX), XPS, and contact angle measurements are carried out to 

determine surface properties of thin films. The specific surface area of materials and 

pore size distribution are measured employing BET technique and Barrett-Joyner-

Halenda (BJH) analysis, respectively. The electrochemical characteristics of films of 

CuS, CuS@rGO, CuSe2, CuSe2@rGO, and MnO2 are evaluated using various 

techniques like CV, GCD and EIS. 

2.2 Theoretical background of successive ionic layer adsorption and reaction 

(SILAR) method. 

The SILAR method is a facile and cost efficient method used for deposition of 

numerous materials in thin film form. One advantage of SILAR method is great 

control over deposition parameters while deposition proceeds. Mechanism of SILAR 

method was first reported by Ristov et al. in 1985 [10] and Nicolau et al. [11] referred 

name as SILAR for the method. The method is useful for deposition of numerous 

chemical compounds and composite films. The SILAR method is also called as 

modified CBD method. Generally, SILAR method involves adsorption, reaction and 

rinsing in between them. 
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Chart 2.1: General classification of thin film deposition methods.
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The SILAR is based on sequential reactions at the substrate surface followed 

by rinsing. Rinsing enables uniform growth of solid phase. This method is intended to 

grow thin films of water insoluble ionic or ion covalent compounds of the type KpAa 

by heterogeneous chemical reaction at solid solution interface between adsorbed 

cations, pKa
+
 and anions, aAp

–
. The reaction can be represented by following relation. 

(pKaq
a+

 + qXaq
b-

) + (b’Yaq
q
’
+
 + aA

p-
) → KpAas ↓ + qXaq

b-
 + b’Y aq

 q
’
+ 

(2.1) 

with ap = bq =b’q’ 

where K represents cations (Zn
2+

, Fe
2+

, Co
2+

, Fe
3+

, Cu
2+

, Ni
2+

, etc), p represents the 

number of cations, a represents the numerical value of charge on cation, X is a ion in 

cationic precursors having negative charge (X = SO4
2–

, Cl
–
, NO3

–
, etc), q represents 

number of X in cationic precursors and b the numerical value of charges on X. Y ion 

is attached to chalcogen ion, b’ is the number of Y in anionic solution, q’ is the 

numerical value of charge on Y. A is the chalcogen ion and a is the number of anions. 

In the presence of complexing agent, above reaction can be written as,  

p[(KC)
a+

]aq + qXaq
b-

 + b’Y
q
’
+

aq + aA
p-

 → Kp’Aa’s↓ + C + qX
b-

aq + b’Y
q
’
+

aq    (2.2) 

where C is complexing agent. The basic representation of four beaker SILAR method 

is shown in Figure 2.1. The different processes involved in SILAR method are 

elaborated below. 

(a) Adsorption: 

It is an initial step of deposition process, where positive ions get adsorbed on 

the surface of the substrate to form the Helmholtz electric double layer. Two layers of 

ions formed on the surface of substrate due to Vander Waals forces. The inner layer is 

composed of positively charged ions and the outer layer is of counter layer of an 

anions. 

(b) First rinsing: 

The loosely adsorbed cations on the substrate surface are removed in this 

process. Rinsing has significant influence on morphology, particle size, crystallinity 

and the adherence of the thin film to the substrate. Generally, double distilled water 

(DDW) is used as rinsing solution. 

(c) Reaction: 

This is the third step where the anions from anionic precursor solution get in 

the reaction process. Due to high reactivity between cations and anions, a solid 

substance possessing chemical composition KpAa forms at the interface. This step 
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involves irreversible chemical reaction between preadsorbed cations (pK
a+

) and 

anions (aA
p-

) from the solution. 

 

Figure 2.1: Schematic of four beaker SILAR method. 

 (d) Second Rinsing: 

This is last step of SILAR deposition method used to remove unreacted, 

excess species, and secondary products of the reaction (aA
p-

, X, Y) from the diffusion 

layer. As like in step second, DDW is used as rinsing solution. Thin film growth rate 

largely depend on various preparative parameters such as temperature of solutions, 

number of repeated cycles, pH of the solutions, concentration of cationic and anionic 

precursors, rinsing time, adsorption and reaction time, type and concentration of 

complexing agent, etc. 

Advantages of SILAR method 

Apart from saving material cost, preparation of thin films using SILAR 

method has the following advantages: 

(i) SILAR is a simple, inexpensive method and it is efficient for deposition over a 

large area. 

(ii) Various kinds of substrates like metals, semiconductors, insulators, and 

polymers can be used, because it is a low temperature process. This prevents 

corrosion or oxidation of metallic substrates. 

(iii) This method is very feasible to dope any element with the required proportion in 

the film. 
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(iv) The deposition rate, morphology, and film thickness can be efficiently 

manipulated by varying the preparative conditions. 

(v) A comparatively uniform film can be deposited on any kind of substrate having 

a complex configuration. 

(vi) Drawbacks like contamination, interdiffusion, and dopant redistribution, due to 

high temperature deposition techniques can be avoided in this low temperature 

deposition method. 

Along with the above advantages, SILAR has attractive features that material 

can be directly deposited from aqueous and nonaqueous baths and used to produce 

binary metal phosphate materials. 

2.2.1 Effect of preparative parameters 

The growth kinetics depends on the concentration of ion, nucleation and 

growth process on immersed substrates. The nature of the counter ions (viz. SO4
2-

 and 

Na
+
), the nature of solvent, presence of impurities giving more insoluble compounds 

than that to be deposited, the added complexing agents, the substrate polishing and 

etching, the substrate solubility also play a role. Effects of various parameters are 

given below. 

(i) Concentration of precursors 

Concentration of the precursor solutions affects the growth rate of film 

formation, in almost all chemical deposition methods. Rate of adsorption and reaction 

is depends on the concentration of the precursor solutions. If concentration of cations 

is above the certain concentration, the rate of adsorption becomes high thickness of 

film observed and if concentration of anionic precursor increases reaction rate 

becomes higher and large particle growth is observed. The higher reaction rate results 

in nonadherent and a nonhomogeneous film thickness. Higher precursor 

concentrations lead to formation of maximum film thickness and probability of 

formation of insoluble impurities in the film becomes high [12]. The optimum 

concentration of the both precursors should be experimentally determined. 

(ii) pH 

The pH of solutions plays an important role. Extreme pH values affect 

substrate surface state and solubility of desired compound, impurities and even 

substrate, also. At certain pH level reaction rate becomes faster and at certain pH level 

ionic product of metal and chalcogenide becomes less than the solubility product of 
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metal chalcogenide and a film will not be formed. pH value of cationic solution can 

be altered using complexing agent. 

(iii) Temperature 

The variations of film thickness can possible using varying temperature of 

solution bath. The dissociation of complex and the anion of the compound depend on 

the temperature. At the higher temperature, dissociation is greater and results higher 

rate of deposition. At room or lower temperatures the film formation rate becomes 

slow. The thickness is increased with increase in temperature linearly. 

(iv) Complexing agent 

The metal ion concentration, in the solution can be controlled with addition of 

complexing agent. The complexing agents are also called ligands. They have one or 

more donor atoms which can form coordination covalent bond with metal ion from 

the solution. The compound formed by metal ion and complexing agent is called as 

coordination compound. Added complexing agents introduce a supplementary 

activated kinetic step of decomplexation, thus increasing surface relaxation time that 

promotes a regular growth. The concentration of complexing agent decreases 

concentration of active metal ions. Therefore, the rate of reaction and precipitate 

formation is reduced leading to larger terminal thickness of the film. The deposition 

of thin film on surface of substrate is an only adsorption phenomenon. The thin film 

formation occurs by combination of released metal ion form complex metal ion 

source and chalcogen source. The complexing agents are classified on the basis of 

number of binding sites. Ammonia (NH3; monodentate), ethylenediaminetetraacetic 

acid (C10H16N2O8; hexadentate), ethylenediamine (C2H4(NH2)2; bidentate), 

triethanolamine (N(CH2CH2OH)3; monodentate), polyvinyl alcohol (C2H4O)x; 

monodentate/bidentate), etc. are some of the common complexing agents used in 

chemical deposition methods. 

(v) Number of cycles 

 As each repeated cycle of deposition adds up few layers of the material on the 

substrate, increased number of cycles gives higher thickness of film. Large number of 

cycles results in formation of cluster of particles. Hence after critical number of cycles 

thin film starts to peel off. 

(vi) Rinsing time 

The hydrodynamics of the rinsing affects formation of thin film as in rinsing 

weakly adsorbed ions are removed. Formation of metal hydroxide with other 
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chalcogenides is another source of the impurities. The optimum rinsing time after 

adsorption and reaction should be experimentally determined. This helps to avoid 

formation of cluster of particles and uniform thin film can be deposited. 

2.3 Thin film characterization techniques 

2.3.1 Physico-chemical characterization techniques 

The physicochemical properties such as crystal structure, specific surface area, 

surface texture, conductivity, and elemental composition are strongly correlated with 

its electrochemical properties. Therefore, the characterizations of material through 

different techniques and thorough analysis of the results to explain the relationship 

between different properties is a major work in the research field. This helps to decide 

proper material and its application. These methods also make it easier to check 

modifications in materials. Thus, the thin film electrodes in the present study were 

analyzed through different material characterization techniques. The comprehensive 

description of the basic principle, instrumentation, and working of these techniques 

are covered in this section. 

2.3.1.1 X-ray diffraction (XRD) 

In the field of materials science, XRD is a very primary, well-established, and 

widely used powerful nondestructive characterization technique to obtain information 

on the atomic scale structure of various substances in a variety of states [13]. The 

technique also provides information on unit cell dimensions. The XRD is a best and 

common technique used for the determine crystallite size (D) and to calculate lattice 

strain, chemical composition, state of ordering and to determine phase diagrams as 

well. 

Working principle 

The XRD analysis is mainly based on constructive interference of 

monochromatic X-rays from crystalline sample. The interatomic distance in materials 

is on the order of few Angstroms (Å). This distance corresponds to wavelength of X-

rays (energy between 3- 8 keV). Hence, when crystalline materials are exposed to the 

X-rays, constructive and destructive interference patterns are observed. When the 

intensity of diffracted X-rays measured as a function of scattering angle, a diffraction 

pattern is obtained. According to Bragg’s condition (Figure 2.2), the constructive 

interference of diffracted X-rays observed when path difference ((AC+CB)-AB) 

equals to the wavelength of X-rays (λ). From Figure 2.2, the above condition can be 

written mathematically as [14], 
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dsinθ + dsinθ = nλ Or 2dsinθ = nλ  (2.3) 

where n is the order of diffraction, θ is the glancing angle or Bragg’s angle, and d is 

the interplaner distance. 

 

Figure 2.2: Bragg’s diffraction. 

 

Figure 2.3: Schematic of X-ray tube. 

Working of instrument  

 The X-Ray diffractometer consist of three major components; a 

monochromatic source of X-ray, specimen holder and X-ray detector. The X-ray 

generator is called cathode ray tube, made of a cathode, monochromator and target 

material enclosed in glass or ceramic container at vacuum (Figure 2.3). The cathode is 

heated to produce electrons; generally it is of tungsten filament. These electrons were 

accelerated towards target material (Cu, Fe, Mo, Cr) by applying a voltage. If 

electrons have enough energy to eject inner shell electrons of the target element, the 

outer electrons from target element jump into inner shells and to compensate energy 

difference the radiation is emitted. This radiation is the characteristics of target 

material. For copper as a target material, radiation consisting Kα and Kβ lines are 

emitted. This radiation undergoes filtering process to produce monochromatic X-rays. 

The wavelength for copper radiation is CuKα = 1.5418 Å. Now, monochromatic X-
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rays were collimated and directed towards desired specimen to be characterised. As 

specimen and detector are rotating, when Bragg's condition satisfy, peaks in the X-ray 

intensity is recorded. The schematic of X-ray instrument is shown in Figure 2.4a. The 

detector records the signals and converts it into count rate and provided to output 

instrument (computer) for further analysis. 

Three methods available to determine crystal structure of sample are Laue 

method, rotating crystal, and powder method. 

 

Figure 2.4: a) Schematic of X-ray instrument [15], and b) photograph of RIGAKU 

MiniFlex600 diffractometer [16]. 

In order to simply analyse crystal structure of sample, powder method is 

commonly used. Laue method is the oldest method used for the determination of 

crystal structure, where continuous spectrum of X-ray is used and angle of incidence 

is fixed. This method gives faster diffraction than other methods in which 

monochromatic X-rays used. Therefore, it is used to observe dynamic process in 

crystal structure. If the angle of incidence is fixed and wavelength is variable then that 

method is called rotating crystal method. In rotating crystal method, a monochromatic 

beam of hard X-rays allowed to fall on sample which is rotated at a constant angular 

velocity. In case of powder method, wavelength is taken as a fixed and angle of 

incidence is variable. Figure 2.4b shows the photograph of Bruker D2 phaser X-ray 

diffractometer. One very important use of XRD when dealing with nanocrystals is to 

estimate crystal dimensions through the Scherrer relationship [17]: 

    
    

     
        (2.4) 

where β is full width at half maximum (FWHM) of the diffraction peak, θ is peak 

position in radians. 
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In the present study, XRD patterns of deposited thin film electrodes are 

recorded using RIGAKU MiniFlex600 diffractometer with Cu Kα characteristic 

radiations (λ= 1.5406 Å) operated at 30 kV in θ/2θ mode. 

2.3.1.2 Fourier transforms infra-red spectroscopy (FT-IR) 

The FT-IR spectroscopy offers qualitative information about the chemical 

bonding in materials. This is a nondestructive analysis. This can be used for analysis 

of solids, liquids and gases. The FT-IR denotes Fourier transforms infra-red and the 

technique is called infrared spectroscopy, name itself suggest the way data is collected 

and converted from interference pattern to the spectrum.  

Working principle 

Molecular bonds vibrate at certain frequencies depending on the type of bond 

and elements involved in bonding. According to quantum mechanics, these 

frequencies correspond to the ground state and several excited states. When these 

bonds absorb light energy of certain frequency they can be exited to upper possible 

state of energy. For any given transition between two states the light energy must be 

equal or greater than the difference in the energy between ground state and the first 

excited state. The wavelength absorbed by the bond is the characteristics of chemical 

bond and can be seen in spectrum. The range of mid-infrared region is 4000 to 200 

cm
-1

. The schematic of FT-IR instrument with Michelson interferometer is shown in 

Figure 2.5 [18]. 

 

Figure 2.5: Basic schematic of FT-IR with Michelson interferometer. 

Working of instrument  

A common FT-IR spectrometer consists of a source, interferometer, sample 

compartment, detector, amplifier, A/D convertor, and a computer. Figure 2.6a depicts 
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photograph of ALPHA II compact FT-IR spectrometer. The schematic diagram of the 

basic FT-IR system coupled with amplifier and necessary electronics for conversion 

of acquired data is presented in Figure 2.6b. The IR spectrum is a graph of infrared 

light absorbance by the substance on the vertical axis and the frequency 

(wavenumber) on the horizontal axis. Silicon carbide rod, nichrome and kanthanl wire 

coils, Nernst glowers and carbon arcs are used as the source of IR radiation. The beam 

splitter is made of a material that reflects half of the radiation striking it and transmits 

the other half. Out of these two beams, one is transmitted to moving mirror and other 

to stationary mirror. Again, these beams reflected back and undergo splitting and only 

one beam directed towards sample and other to source. The stationary mirror is made 

of highly reflecting material. The simplicity of FT-IR design lies in moving mirror. 

This mirror produces path length difference between two beams from stationary 

mirror and moving mirror and forms interference pattern. 

 

Figure 2.6: a) Photograph of ALPHA II compact FT-IR spectrometer [19], and b) the 

basic ray diagram of FT-IR system [20]. 

The sample for FT-IR must be thin so the IR radiations must pass through it. 

This serves as one of the advantage of FT-IR analysis as it requires very small sample. 

When IR radiation is passed through a sample, some of the radiation is absorbed by 

the sample and remaining transmitted. The detectors are of two types; thermal and 

quantum detectors. Thermal detectors treat received light as heat, while quantum 

detector as light. Hence, quantum detectors are highly sensitive. Then the obtained 

data in terms of intensities are processes by Fourier transform and plotted against 

wavenumber. For analysis purpose, observed data is compared with available 

reference patterns. There are no two unique molecular structures, that can yield 

similar infrared spectrum. In this way infrared spectroscopy is useful for several types 

of analysis. Using FT-IR spectroscopy the following information is obtained [21],  
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 Identification of unknown materials. 

 Determination of the quality or consistency of a thin film sample. 

 Determination of amount of components in a mixture. 

In the present study, the FT-IR spectra of synthesised materials are recorded using 

ALPHA II interferometer with diode laser as an IR source. 

2.3.1.3 Raman spectroscopy 

Raman spectroscopy is a highly versatile technique that provides a simple, fast 

and nondestructive analysis of both organic and inorganic materials [22]. It uses the 

interaction of light with the material to gain insight into characteristics of material and 

its constituents. It measures different modes of molecules such as rotational, 

vibrational, and other low frequency modes [23]. 

Working principle 

Raman scattering is a two photon process. Electrons have different vibrational 

levels which are defined by specific energy differences (Figure 2.7). When an incident 

monochromatic light interacts with an electron in the sample, the electron absorbs 

energy from an incident photon and goes to a higher state of energy. The electron falls 

back to an energy level by losing energy. When the energy lost equal to the energy of 

the incident photon, electron falls back to its initial level and loses one photon. Hence 

the molecule doesn't have any Raman active modes. This secondary photon has the 

same frequency as the incident photon and Rayleigh scattering occurs. However, 

sometimes electrons while losing energy from the virtual state can fall back to a 

different vibrational level. 

In this case, the energy loses by the electron is different than the energy 

absorbed from the incident photon. As a result, the emitted photon has energy 

different than the incident photon. In this case, the frequency of the emitted photon is 

not equal to the incident photon. This gives the Raman scattering. Depending on the 

final vibrational level of electron Raman scattering is separated into stokes line and 

antistokes lines. The radiation having lower energy as compared to the incident 

radiation is called stocks lines, while the radiation having higher energy than incident 

radiations are called antistocks lines [24]. 

The Raman shift Δʋ is positive for stokes and negative for anti-stokes and is a 

characteristic feature of material undergoing Raman shift. The Raman spectrum gives 

the molecular fingerprint and it is different for different molecules. By studying the 
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Raman spectra one can identify the rotational levels and thus a particular molecule. 

This will help to analyse the sample qualitatively. Similarly, the intensity of a 

particular Raman line helps to determine the concentration of a molecule in the 

sample. 

 

Figure 2.7: Energy level diagram showing the states involved in Raman spectra. 

Working of instrument 

There are three primary components to any Raman spectrometer: an excitation 

source, a sampling apparatus, and a detector. The basic block diagram of Raman 

spectrometer is shown in Figure 2.8. In Raman spectroscopy a monochromatic 

excitation source is employed. Generally, a laser with extremely stable and narrow 

bandwidth used as an excitation light source. The laser source must have certain 

characteristics, such as small form factor, low power consumption, narrow line width, 

a stable power output and a stable wavelength output. For organic molecules it is 

important to shift the laser wavelength into the near infrared to minimize fluorescence 

while not exceeding CCD spectral detection limits. Due to availability and the 

maximum fluorescence reduction without the sacrifice of spectral range or resolution 

785 nm diode lasers have become more favourable. For highly colored or strong 

fluorescence samples, 1064 nm laser is the best choice. For inorganic molecules, 532 

nm laser is the best choice as it offers increased sensitivity. The second component is 

the sample interface for which fiber optic probe is used. It usually provides the 

flexible sampling interface. The flexibility afforded by fiber optics not only allows for 

the probe to be taken to a solid sample, but also allows it to be immersed in liquids or 

slurries in both laboratory and process environments. It can also be connected to 

microscopes, cuvette holders. The spectrometer is the next component and has some 

characteristic such as small form factor, high resolution, low power consumption, and 
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low noise to detect very weak Raman scattering [25]. Further, the desired detector is 

required and is depends upon the type of excitation laser being used. Majority times, 

charge  coupled device (CCD) are used as the detector for Raman spectroscopy. For 

very low concentrations or weak Raman scatters, it may be necessary to use a back 

thinned CCD to further increase the sensitivity of the spectrometer [26, 27].  

 

Figure 2.8: The basic block diagram of Raman spectrometer [28]. 

2.3.1.4 Field emission scanning electron microscopy (FE-SEM) 

The FE-SEM microscope is a dominant instrument used for the analysis of 

surface microstructure at high resolution. It employs electrons instead of photons for 

imaging process. These electrons are liberated by a field emission source. The FE-

SEM provides topographical and elemental information at magnifications of 10 X to 

300,000 X, with virtually unlimited depth of field. 

Working principle 

The FE-SEM images a sample surface by raster scanning over it with a high 

energy beam of electrons. The primary electrons liberated from a field emission 

source are accelerated in the electric field. Using electromagnetic lenses, a narrow 

beam is produced by focusing these primary electrons. The beam is allowed to strike 

the sample. After interaction, primary electrons lose their energy inside the sample, 

due to this; different types of electrons are produced as shown in Figure 2.9. This 

causes the emission of secondary electrons from the sample. The electrons interact 

with the atoms comprising the sample to produce secondary electrons that contain 

information about surface topography, composition. By processing these electrons, 

detector generates an electric signal which is further amplified and transformed into 

an image. 

Working of instrument 
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The schematic diagram of the FE-SEM instrument is shown in Figure 2.10a. An 

electron gun, an anode (accelerator), magnetic lenses, sample holder and detector are 

the main parts of a FE-SEM instrument. 

 

Figure 2.9: Ray diagram for the emission of different types of electrons after the 

interaction of primary electrons from source with sample. 

The whole assembly is mounted on a desk. For operation, the gun head, column 

and specimen chamber have to be evacuated. Column chamber valve remains closed 

until the detected pressure is not ready for operation. After vent command, column 

chamber valve closes and N2 gas flows into the specimen chamber through vent valve. 

Sample preparation is also one of the parts of FE-SEM characterization technique. For 

FE-SEM, the sample must be conductive. Before mounting on a special holder, the 

samples are first made conductive by coating them with ultrathin layer electrically 

conducting metal such as gold (Au), platinum (Pt), gold/palladium (Au/Pd), 

chromium (Cr), silver (Ag), or iridium (Ir) [29]. The conductive layer of metal on the 

sample prevents charging of the specimen, reduces thermal damage and increases the 

amount of secondary electrons therefore increases the signal to noise ratio.  

In FE-SEM, high-energy electrons (termed as primary electrons) are generated 

by placing a filament of tungsten fashioned into a sharp point; in a huge electrical 

potential gradient (cathode). The voltage difference between anode and cathode 

allows generated electrons to accelerate towards the sample. The voltage is in the 

order of magnitude of 0.5 to 30 kV, and the high vacuum (~10
-6

 Pa) in the column of 

the microscope is maintained. The electron beam is focused by the electromagnetic 

lenses to a tiny sharp spot. The condenser lens controls the amount of magnification. 

Objective lens focuses the electron beam onto the specimen. Objective lens consists 

of electromagnetic and electrostatic lens. Deflection system consists of a set of scan 
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coils to move the electron beam in a point‐to‐point scan process. Once the focused 

electron beam bombards on the surface of the sample, it penetrates the sample up to a 

few microns and interacts in different ways [30]. The scattering of electrons and 

volume of interaction depends on the atomic number, the concentration of atoms of 

sample and the energy of primary electrons. The high energy of primary electrons 

increases interaction volume and scattering process. While the high concentration of 

atoms and the atomic number will decrease the interaction volume and scattering. 

All these signals are gathered by a detector and separated based on their energy 

values. The backscattered and secondary electrons are used for the creation of a 

sample image by amplifying and transforming the signals. When primary electrons 

interact with electrons at the inner shell and knock it out, the electron from a higher 

energy level jumps to lower energy by losing some energy. This extra energy is 

loosed in the form of X-rays. Therefore, each element in the sample produces a 

characteristic X-ray. All these characteristic X-rays from all elements are used to 

identify the elemental composition of the sample by energy-dispersive X-ray 

spectroscopy (EDAX) coupled to the FE-SEM instrument [31]. Photograph of FE-

SEM instrument is shown in Figure 2.10b. 

 

Figure 2.10: a) Schematic of FE-SEM [32], and b) photograph of FE-SEM instrument 

[33]. 

In the present study, FE-SEM and EDAX are performed on Philips SEM-

XL30S microscope (Netherlands) coupled with an energy-dispersive X-ray 

spectroscopy (EDAX) analyzer. 

2.3.1.5 X-ray photoelectron spectroscopy (XPS) 

The XPS is a chemical analysis technique mainly used for analyzing surface 

composition of a material and oxidation state of elements present in it. The XPS can 

characterize only 1-10 nm depth of the sample. The XPS technique is based on the 
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photoelectric effect described by Einstein, which states that when electromagnetic 

radiation hits a material, electrons are emitted. These emitted electrons are also called 

photoelectrons. 

Working principle 

When an incident X-ray has sufficient energy, it will be absorbed by an atom 

and by the phenomenon of the photoelectric effect, an inner shell electron will be 

ejected as demonstrated in Figure 2.11. The kinetic energy of photoelectrons is 

collected. As the energy of an incident X-ray is known, the binding energy of 

photoelectron is calculated by the below formula: 

E𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = E𝑝ℎ𝑜𝑡𝑜𝑛 − (E𝑘𝑖𝑛𝑒𝑡𝑖𝑐 + 𝜑)    (2.5) 

where 𝜑 is the work function of the element. 

By measuring the count of photoelectrons as a function of binding energy, the 

composition of the sample and the various oxidation states of elements present in it 

can be calculated. 

 

Figure 2.11: Atomic model of the working principle of XPS. 

Working of instrument 

In XPS an X-ray source generates X-rays (typically MgKα and AlKα) which are 

monochromatized using a monochromator in a high vacuum. These X-rays incident 

on the sample and excite the electrons inside the atoms present on the surface of the 

sample. These photoelectrons go to the electron detector where the detector counts the 

incoming electrons as well as the kinetic energy of these electrons. Finally, this 

kinetic energy is represented in the form of a spectrum where particular energy 

represents an element present in the sample. The X-ray photoelectron spectroscope, 

K-alpha XPS system of Thermo Fisher Scientific, U. K. is used in the present study. 
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Figure 2.12: Schematic diagram of an XPS instrument [34]. 

2.3.1.6 Contact angle measurement 

The contact angle is an important tool used to measure the contact angle and 

surface wettability of thin film surface. Also, it is possible to calculate surface free 

energy. The wettability measure the ability of material to interact with liquid. Figure 

2.13a shows photograph of Rame-Hart NRL contact angle meter and Figure 2.13b 

shows contact angle image of a liquid sample on a solid thin film surface.  

 

Figure 2.13: a) Photograph of Rame-Hart NRL contact angle meter [35], and b) 

contact angle of a liquid in contact with solid sample. 

The contact angle is the angle between surface of a solid and tangent drawn to 

the liquid surface, measures inside the liquid. If the contact angle is greater than 90° 

then it is hydrophobic in nature and surface is less wettable. Super hydrophobic 

surface means contact angle is above 170° [36]. If the contact angle is less than 90°, 

solid surface is hydrophilic and wettable. In case of super hydrophilic condition, the 

contact angle is less than 5° and surface is more wettable. The different methods are 

used to measure contact angle. If the three phases are in equilibrium condition, then 

net force is zero. The contact angle (θ) is calculated by the Young’s relation [37]. 
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                 𝑐𝑜        (2.6) 

where      is the solid-vapour,      is the solid-liquid and      is the liquid-vapour 

interfacial energies. 

In the present study, contact angle images of deposited thin film electrodes are 

recorded using Rame-Hart goniometer (modal 260). 

2.3.1.7 Brunauer-Emmett-Teller (BET) analysis 

The physical adsorption of a gas on the surface of thin film material and the 

amount of adsorbate gas gives a specific surface area of a prepared sample. The film 

formed with gas adsorption on the surface of the specimen. The gas also adsorbs to 

the surface as well as in the pores of the specimen. The pore size structure of the 

sample is determined by measuring the amount of gas adsorbed at provided pressure. 

Commonly, the nitrogen gas is used for BET measurement [38]. The specific surface 

area in the m
2
 g

-1
 provides significant information about the effect of surface porosity 

and particle size. 

Working principle 

The gravimetric or volumetric method is used to measure the adsorption 

isotherm. In both methods the adsorbent is held at a constant temperature (near the 

boiling point of the adsorptive). The adsorptive pressure is increased step wise and 

held constant for a period of time to allow the adsorption to occur and the temperature 

of the adsorbent to reequilibrate. In the case of the volumetric system, the pressure 

change was measured and compared with expected pressure change in absence of 

adsorbent. For the gravimetric measurement the mass gain indicated amount of 

adsorbent. The isotherm is a plot of the amount adsorbed versus the adsorptive 

pressure. The pressure is expressed as a ratio of the adsorptive pressure (P) to the 

saturated vapor pressure (P0). As being simple and relatively inexpensive, volumetric 

method is the most common measurement of the isotherm. Uncertainty in the results 

is the drawback of this method. The gravimetric method is more accurate and precise, 

however such instrumentation is costly. There are six types of isotherms but, each 

adsorbent–adsorbate combination has its own standard curve. Type I isotherm is 

obtained when chemisorption or physisorption take place on a material that has 

extremely fine pores. For nonporous and macroporous materials, if the energy of 

adsorption is high then type II isotherm and for low energy of adsorption type III 

isotherm is obtained. For mesoporous material with high energy of adsorption type IV 
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and with low energy of adsorption type V isotherms are observed. Type VI of 

isotherm is attributed to several possibilities the most likely being, if the temperature 

is below the adsorptive triple point, that the adsorbate is more like a solid forming a 

structured layer. Other possible explanations include multiple pore sizes. The 

phenomenon of desorption isotherm being different from the adsorption isotherm is 

called hysteresis. According to IUPAC, four types of hysteresis loops are H1, H2, H3, 

and H4. Below certain relative pressure (P/P0) hysteresis does not occur. The value is 

0.42 for nitrogen adsorption. To evaluate specific surface area (As) from cross 

sectional area of adsorbate molecule (a) and number of mole of adsorbate in a 

monolayer (nm), 

As = nm NAa       (2.7) 

where a =     ⁄    
   

   , M is the molar mass (g mol
–1

), ρ is the liquid density 

(gm
–3

), and NA is Avogadro’s number (6.022×10
-23

 mol
–1

). 

 

Figure 2.14: Schematic diagram of the dynamic flow method apparatus [39]. 

Working of instrument 

As stated previously, there are two methods (volumetric and gravimetric) used 

to determine surface area by physisorption. In both methods, the adsorption is 

performed in a temperature and pressure range just below the boiling point of the gas. 

The amount of a gas that adsorbs on the surface is measured as a function of the 

pressure. From the amount of gas adsorbed and the pressure, the surface area, strength 

of forces causing adsorption, porosity was calculated. The basic volumetric method is 

shown schematically in Figure 2.14. System parts are not to scale. Sample chambers 

are usually constructed from Pyrex.  
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The total surface area (ST) and a specific surface area (SB) are projected by 

below countenance; 

     
    

 
,  (2.8), and       

  

 
  (2.9) 

where S is the adsorption cross section of the adsorbing species, N is Avogadro's 

number, Vm is the molar volume of the adsorbate gas, and a is the mass of the 

adsorbent [40]. 

2.3.2 Electrochemical characterization techniques 

Need of development of diverse electrical energy storage devices specifically 

designed for certain purposes such as wearable and portable electronics, health care 

systems, etc., have increased interest of scientific community in electrochemical 

energy storage. Ragone plot (Figure 1.1) showing performance of electrochemical 

energy storage devices suggests SE of fuel cells are very high and SP of capacitors are 

higher compared to batteries and SCs. Along with batteries, SCs bridge the gap 

between fuel cell and capacitors [41]. Taking in to account that diversity of electrode 

materials, electrolytes, and ability to support various designs according to requirement 

in many fields (aerospace, medical, military, transportation etc.) SCs, often called 

supercapacitors have attracted research interest globally. The SCs are classified 

according to mechanism of charge storage or configuration or physical state of 

electrolyte into various classes. Based on charge storage mechanism, SC electrodes 

are classified as EDLCs (non-Faradic mechanism), pseudocapacitors (Faradic 

mechanism), and battery type. The SCs are classified as symmetric and asymmetric in 

which configuration is considered and second one is liquid-state and solid-state, based 

on physical state of electrolytes [42]. Common configuration of SC consists of two 

conducting electrodes separated by porous membrane immersed in relevant 

electrolyte. The specific capacitance (Cs), specific capacity (C) and areal capacitance 

(Ca) of such device are determined by the following relations; 

                          
 

    ∆ 
∫     𝑑 
  

  
 (CV study)  (2.10) 

Ar  l                  
 

   ∆ 
∫     𝑑 
  

  
  (CV study)  (2.11) 

   
𝐼 ×𝑡

 × ∆ 
      (GCD study)  (2.12) 
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 × ∆ 
      (GCD study)  (2.13) 

                y       
𝐶s × ∆  

 6  
      (2.14) 
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where ∫     𝑑 
  

  
 is the area enclosed in a CV curve, m (g) is deposited mass of 

material on both electrodes, ʋ (V s
-1

) is the potential scan rate, ∆  (V) is an 

operational potential window, and I (A) is the current response, a (cm
2
) is area of the 

SC. Furthermore, the SE and SP of the SC are calculated using the Eq. (1.4) and (1.5), 

respectively. To achieve higher values of SE and SP, the working voltage and Cs of SC 

must be large with lower interfacial resistance [43]. However, Cs and working voltage 

depend on the combination of electrode and electrolyte used in SC fabrication. 

Generally, EDLC type materials can operate up to 1 V in water based 

electrolytes, while in organic electrolytes potential window can be extended to 2.5 V 

(sometimes up to 3.0 V). In EDLCs, the electrically conducting electrode and 

ionically conducting electrolyte, in which electric double layer is formed at the 

interface. The electric charge storage in EDLCs type SC shown in Figure 2.15a can be 

written as, 

Es1 + Es2 + K
+
 + A

-
 ↔ Es1

-
//K

+
 + Es2

+
//A

-
      (2.15) 

where Es1 and Es2 are corresponding to the specific surface area of negative and 

positive electrodes. The symbol // indicates the electric double layer, where charges 

are stored on either side and K＋and A－ are cations and anions present in the 

electrolyte, respectively. The process of adsorption and desorption is accountable for 

charging and discharging of EDLCs, consequently no charge transfer occurs around 

the interface. Hereafter, the active electrodes are chemically inert; so this process is 

called as non-Faradaic [44]. 

The fast and reversible redox reactions with double layer capacitance give 

pseudocapacitance. The charge stored in pseudocapacitor is due to the Faradaic 

reaction at an interface of electrode and electrolyte. The schematic of different charge 

storage mechanisms observed in the pseudocapacitive materials is shown in Figure 

2.15b-d. In Faradaic process, during charging discharging, the charges are transmitted 

on the electrode material as well as in the bulk of electrode material [45]. The charge 

storage in pseudocapacitor is done by two way process. In the first step accumulation 

of charges on the electrode material surface takes place. In second process, the redox 

reaction takes place in electrode surface as well as in the bulk of electrode material. 

Above two processes are mainly dependent on the applied potential, so the 

pseudocapacitance is also dependent on potential. To better understand the 

electrochemical properties of the electrode material, the measurements such as CV, 



 
Chapter II 

62 
 

Chapter I 

GCD and EIS are necessary. Consequently, for application of thin films as an active 

electrode for SC devices, the electrochemical features are significant. 

 

Figure 2.15: Schematics of charge-storage mechanisms for a) an EDLC [46] and 

(b−d) different types of pseudocapacitive electrodes: b) surface redox psudocapacitor, 

c) intercalation pseudocapacitor, and d) battery-type Faradaic reaction [47]. 

2.3.2.1 Cyclic voltammetry (CV) 

The CV offers a plentiful experimental information and insights into both 

thermodynamic and the kinetic details of many chemical systems.  This is a 

fundamental characterization technique which provides information about 

electroactivity of electrode in various electrolytes. The reversal linear scan 

voltammetry carried out by switching direction of the scan at certain potentials is 

called CV. In CV measurement, the stationary electrode with 1 cm
2
 area is used, 

which immersed in an electrolyte solution. The three electrode system is beneficial for 

minimization of ohmic resistance of electrode. The potential is applied between the 

working electrode and reference electrode, simultaneously the current measured 

between the working electrode and counter electrode.  

 

Figure 2.16: The typical cyclic voltammogram for a reversible single electron transfer 

reaction [48]. 
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In CV measurement, the potential is swept between given potential range, 

nevertheless, when the voltage reaches maximum potential limit then scan is reversed 

and the voltage is swept back to the minimum voltage range. Figure 2.16 illustrates 

CV curve for a reversible single electrode transfer reaction in the potential limit of V2 

to V1. The Ipc and Ipa are cathodic and anodic peak currents, while Epc and Epa are 

cathodic and anodic peak voltages of the electrode material. In CV measurement, the 

selection of potential limit is important due to the oxidation and reduction positions of 

CV curve. One state of electrode material change to another during charging, while at 

reverse direction the electrode material achieves an initial state with reduction 

process.  

There are many fields in which CV technique is used extensively. These 

include metal-ligand interaction, in which electron pair transfer to form complex 

compound. Other applications include analysis of solids [49], solutions, polymers 

media with and without added supporting electrolyte, membrane [50], frozen 

solutions [51], emulsions and suspensions [52], and liquid-liquid systems [53], and 

biological systems such as enzymes [54]. 

2.3.2.2 Galvanostatic charge-discharge (GCD) 

In GCD technique, constant current is applied to the working electrode. The 

corresponding potential is measured against the reference electrode as a function of 

time. At initial the potential is suddenly changed because of the potential drop 

afterwards slowly changes in potential. Figure 2.17 shows charge discharge curve of 

SC. This is due to the concentration of the reactant exhausted at the electrode surface 

[55, 56]. 

 

Figure 2.17: Charge discharge curves of a SC [57]. 

During discharging potential drop due to the solution and interfacial resistance, 

which can be corrected through the constant potential offset. From the nature of the 
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charge discharge curve, the type of charge storage mechanism for sample electrode is 

confirmed. The symmetric shape of the charge discharge curve indicates the charge 

storage mainly due to the double layer mechanism if not then charge storage due to 

the pseudocapacitive mechanism [58, 59]. Additionally, GCD analysis is important to 

determine the SE and SP of the SC. 

 

Figure 2.18: Representative shapes of GCD curves: a) EDLC, b) surface redox 

capacitance, c) intercalation capacitance, and d) Faradic battery-type [60]. 

2.3.2.3 Electrochemical impedance spectroscopy (EIS) 

The charge storage mechanism at an electrode electrolyte interface is studied 

using EIS technique which is also called as an AC impedance spectroscopy. EIS 

works on a wide range of frequencies beneficial for accurate determination of 

resistances at an electrode electrolyte interface. The small AC signal (5 to 10 mV) is 

applied to the SC cell over a wide range of frequency from 1 mHz to 1 MHz. The 

output signals are the current response to the applied AC signals. The plot of 

imaginary impedance against real impedance is called as the Nyquist plot [61, 62]. 

The EIS method is useful to record frequency independent and dependent resistive 

parameters of the system. If the input signals of a sinusoidal voltage        

      𝑡 and               𝑡      be its output response, then the impedance of 

the electrode material is given by, 

       
     

𝐼    
  

       𝑡 

𝐼      𝑡    
     

     𝑡 

     𝑡    
    (2.16) 

The impedance is expressed in terms of magnitude,    and phase shift φ. The 

imaginary and real parts of impedance are depicted in the Nyquist plot shown in 

Figure 2.19. The inset diagram displays a general equivalent circuit (Randles cell) 

associated with the Nyquist plot. 

In this Figure, Rct is the charge transfer resistance (Figure 2.19). Transfer of 

these charges has fixed kinetics depend on reaction type, temperature, concentration, 

and potential of reaction products. As the series resistance (Rs) of the electrochemical 

cell is negligible, Nyquist plot intercept at origin of the Zre axis. But for the every 
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electrochemical cell, there is small internal resistance. Hence, first intercept of 

Nyquist plot on is on the positive side of Zre-axis. This gives value of equivalent Rs 

(Figure 2.20a). This resistance is in series with Rct. The resistance offered to the 

diffusion of electrolyte ions takes place in lower frequency region, indicated by the 

straight line in Figure 2.20b. This adds a more component in the equivalent circuit in 

series with Rct called Warburg impedance (W). The Warburg impedance is smaller at 

higher frequencies, because the diffusing reactant does not need to go very far [63]. 

The value of capacitance as a function of frequency can be evaluated using EIS. 

 

Figure 2.19: Nyquist plot with electrical equivalent circuit consisting charge Rct in 

parallel with C [64]. 

A SC behaves as a pure resistor and capacitor at low and high frequencies, 

respectively. Moreover, in the medium frequency range, the physical and 

morphological properties of electroactive material play a crucial role in achieving the 

capacitance value and serving as an association of resistors and capacitors. The 

obtained data fitted with different interface parameters and attained algorithms. Inset 

circuit shows equivalent circuit corresponding to Nyquist plot. The sinusoidal voltage 

and current signals are written as, 

         𝑒
   𝑡         (2.17) 

         𝑒
   𝑡           (2.18) 

The complex quantity is written as, 

         𝑒
      𝑒

                     (2.19) 

The expression for Z(ω) is composed of a real and an imaginary part. 
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Figure 2.20: Nyquist plots with corresponding electrical equivalent circuit a) 

consisting Rs, Rct and, C, and b) consisting Rs, Rct, C, and W. 

All electrochemical tests mentioned above (section 2.4.2) were analysed using 

ZIVE MP1 electrochemical workstation. The collected data was utilized to evaluate 

electrochemical properties such as Cs, SE, SP, Rs and Rct. The EIS measurement was 

performed at AC amplitude of 5 mV in between frequency range of 0.01 Hz to 0.1 

MHz at bias potential of open circuit potential. To analyse EIS data and obtain 

equivalent circuit “ZSimpWin” editor was used. 
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3.1 Introduction 

 Increasing applications of portable and lightweight electronics require a 

suitable energy storage device with long life, flexibility, safety, and environment 

friendly nature. The LIBs and SCs are convenient to use in portable electronics as 

energy storage devices. Both of them store energy with different mechanisms, the 

former via bulk redox reactions, and the latter by electrostatically, (carbon materials) 

[1] or via reversible redox reactions, (transition metal chalcogenides, silicates, 

carbides, nitrides, and phosphates) [2]. 

The SCs are most promising energy storage device so far as life, SP, and safety 

are concerned. The scientific community is engaged in uplifting the charge storage 

capability of the SCs by employing the large number of materials prepared through 

different methods of synthesis, electrolytes used in SCs, and the most important, 

design of the SCs. A feasible way is to increase the working potential of the SCs, as 

the energy stored (E) is E = 0.5CsV
2
; where Cs is the specific capacitance and V is the 

operating potential window of the SCs device. Currently, the market of SCs is 

dominated by EDLC materials, as it is economical and highly stable. However, 

considering charge storage capacity, EDLC materials lag behind pseudocapacitive 

materials. Therefore, it is necessary to investigate the composite electrode material 

which stores energy via both EDLC and pseudocapacitive mechanisms and capable of 

operating stably at high voltage with long life cycles [3, 4]. 

 In the past few years, composite materials based on carbon allotropes 

(graphene oxide (GO), rGO, graphene foam, and CNTs) and transition metal 

chalcogenides (MnO2, Co2S3, Fe2O3, NiO, CuS, etc.) [5] have shown great potential 

as supercapacitive electrode material. The rGO provides large surface area for growth 

of the pseudocapacitive nanoparticles which produces many electroactive sites of an 

electrode and also a lateral path for electron conduction. The optimization of the 

EDLC and pseudocapacitive materials, the size of nanoparticles, and surface 

microstructure via synthesis method is required for better electron transfer [6]. 

Construction of successive layered structure of rGO and metal chalcogenide 

nanomaterials to provide the stable interactive surface of the electrode is the current 

need of the SCs device [7]. The layered structural growth of the material attracts more 

attention due to high thermodynamic stability, more accessible active sites and 
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superior control over the thickness of electrode which impact SE and SP of the SC 

device [8-10]. 

Earlier, several chemical deposition methods such as hydrothermal [11, 12], 

CBD [13], SILAR [14], electrodeposition [15], and chemical conversion route [16] 

are used to prepare CuS thin films with various morphologies. Huang et al. [17] 

prepared CuS nanosheets by hydrothermal method assisted with or without 

surfactants. The high Cs and good cycling stability are shown by CuS prepared 

without surfactants. Hollow copper sulfide nanosphere/GO core shell nanocomposite 

synthesized by Han et al. [18] using template assisted approach for drug delivery 

application. Jin et al. [19] electrodeposited CuS nanosheets on carbon cloth composite 

which displayed outstanding Ca of 4676 mF cm
-2

 at 2 mA cm
-2

. Xu et al. [20] 

fabricated spherical clusters composed of CuS nanosheets and obtained a high Cs of 

276 F g
-1

 at the scan rate of 5 mV s
-1

. Yang et al. [21] prepared CuS coated 

multiwalled CNTs and compared their supercapacitive performance in NaOH and 

Na2SO4 electrolyte and observed that CuS and CuS/MWCNT show high Cs and 

excellent cyclic stability in Na2SO4 electrolyte. 

The present chapter deals with the synthesis of CuS and CuS@rGO thin films 

by SILAR method and their characterization. 

3.2 Synthesis of CuS and CuS@rGO thin films 

3.2.1 Introduction 

 The electrode material to be used in SC must have good electrical 

conductivity, appropriate pore size, high surface area, chemical, and thermal stability. 

The preparation method of electrode material is low cost and scalable to 

commercialize SCs in large scale applications. From these points of view, CuS and 

CuS@rGO films are fabricated on flexible stainless steel (SS) substrate. The porous 

electrode structure can be prepared by compositing rGO sheets with CuS 

nanoparticles grown by the SILAR method. Subsequently, CuS and CuS@rGO films 

were characterized using different techniques like XRD for structural analysis, FT-IR 

and Raman for chemical bonding study, XPS to determine chemical states, FE-SEM 

for surface microstructural studies, EDAX for elemental composition, and BET for 

determination of specific surface area of thin film material. Also, the wettability 
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measurement was carried out to study the interaction between CuS or CuS@rGO thin 

film electrodes with DDW. 

3.2.2 Experimental details 

3.2.2.1 Cleaning of substrate 

In chemical methods, the substrate surface with extreme cleanness is an 

essential requirement to obtain good quality thin films. Furthermore, the impurity of 

any material acts as a nucleation centre on the substrate surface. The conducting 

substrate is the prime requirement of SCs. The SS substrate is suitable for SC because 

of its high electrical conductivity and low cost. The substrate preparation includes 

polishing, washing through acetone, and DDW, and ultrasonication. The SS substrates 

were polished by zero grade polish paper, followed by successive cleaning using 

acetone and DDW. Then, substrates were ultrasonically cleaned for 10 min. Finally, 

substrates were air dried and used for the deposition of material. 

3.2.2.2 Chemicals 

Analytical reagent (AR) grade copper sulfate pentahydrate (CuSO4.5H2O) and 

sodium sulfide (Na2S) were used as received from Thomas Baker Chemicals Pvt. 

Ltd., India, without further purification. The commercially available flexible SS of 

thickness 0.3 mm (304 grade) was used as substrate. The DDW was used as a solvent 

throughout the experiment. 

3.2.2.3 Synthesis of rGO  

To prepare rGO, graphite was exfoliated to form GO suspension followed by 

chemical reduction. The GO suspension was prepared according to the previously 

reported method. 2 g graphite flakes of average diameter 100 μm and 100 mL 

concentrated H2SO4 were taken in 500 mL conical flask and kept into an ice bath with 

continuous stirring followed by addition of 1 g NaNO3. A 8 g KMnO4 was slowly 

added to this mixture to maintain reaction temperature below 293 K. After complete 

addition, the reaction mixture was kept at room temperature with continuous stirring 

for 12 h. Then, 100 mL DDW was added followed by an additional 300 mL DDW 

and 8 mL H2O2 (30%) after 1.5 h. This makes the solution yellowish. Then, the 

mixture was washed through 5% HCl for a couple of times followed by DDW for 
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several times to obtain 6.5 pH. The concentration of GO slurry was determined using 

the gravimetric weight difference method and suspension of 0.1 mg mL
-1

 of GO was 

prepared which was sonicated for 4 h followed by the addition of 5 mL of hydrazine 

hydrate in 1000 mL of prepared solution. The prepared solution was kept at 368 K for 

3 h to reduce graphene oxide sheets. The prepared dispersion of rGO was washed 

with DDW for several times to remove unwanted traces of hydrazine hydrate. The 

slurry of rGO was used for further deposition of thin film and characterization 

purpose. The whole process of synthesis of the rGO is schematically represented in 

Figure 3.1. 

 

Figure 3.1: Schematic flow chart of rGO synthesis. 

3.2.2.4 Synthesis of CuS thin films 

To deposit CuS thin film; solutions of 0.1 M CuSO4 (50 mL) and 0.05 M Na2S 

(50 mL) were used as cationic and anionic source, respectively. The SS substrate was 

immersed in the cationic precursor for 30 s, followed by 25 s rinsing in DDW. The 

same substrate was immersed in an anionic precursor for 30 s for reaction purposes 

and further rinsed in DDW for 25 s to remove loosely bounded CuS molecules. Thus 

a single cycle of SILAR forms a monolayer of CuS; further, such 60, 80, 100, and 120 

cycles were repeated to get different weight per unit area of CuS on SS substrate. The 
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mass loading of these films (Figure 3.2) was 0.0079 ± 0.001, 0.0084 ± 0.001, 0.0091 

± 0.001, and 0.0093 ± 0.001 mg cm
−2

, respectively. 

 

Figure 3.2: Graphical representation of weight deposited of CuS on SS substrate at 60 

(CuS60), 80 (CuS80), 100 (CuS100), and 120 (CuS120) SILAR deposition cycles. 

 

Figure 3.3: The schematic of SILAR method employed for CuS@rGO thin film 

electrode preparation. 

3.2.2.5 Synthesis of CuS@rGO thin films 

 The concentration of rGO suspension was calculated by drying 1 mL of rGO 

solution at temperature of 373 K and then measuring weight. From the determined 

concentration, dispersions of rGO with concentration of 0.3, 0.4, 0.5, and 0.6 mg mL
-1

 

were prepared in DDW. The rGO sheets were deposited on SS substrate using layer 

by layer method followed by single deposition cycle of CuS nanoparticles using the 

SILAR method. The schematic of CuS@rGO thin film preparation is shown in Figure 
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3.3, where, the SS substrate was dipped in rGO solution for 60 s for adsorption of 

rGO sheets, followed by insertion in cationic solution for 20 s, to adsorb Cu
2+

 ions. In 

this process, some Cu
2+

 species may react with extraplanar hydroxyl or carboxyl 

groups of rGO sheets. To remove loosely bound Cu
2+

 ions, SS substrate was rinsed in 

DDW for 25 s subsequently, and dipped in the anionic precursor (S
2-

) for 20 s for 

reaction and again rinsed in DDW for 30 s. In this way, a cycle of CuS@rGO 

deposition was completed and 100 such cycles were repeated with different 

concentrations of rGO suspension. The process of deposition was carried out using an 

automated SILAR coating system (HOLMARC-HO-TH-03A) [22, 23]. Thin film 

growth becomes uniform as both rGO sheets and CuS have hexagonal structure. Thin 

film prepared with 0.3, 0.4, 0.5, and 0.6 mg mL
-1

 concentrations of rGO suspension 

are denoted as CuS@rGO3, CuS@rGO4, CuS@rGO5, and CuS@rGO6, respectively 

and and mass loading of these films (Figure 3.4) was 0.0120 ± 0.001, 0.0132 ± 0.001, 

0.0137 ± 0.001, and 0.0140 ± 0.001 mg cm
−2

, respectively. 

 

Figure 3.4: Graphical representation of weight deposited of CuS@rGO on SS 

substrate at various concentration of rGO suspension. 

3.3 Material characterizations 

3.3.1 Physico-chemical characterizations 

The crystal structure and purity of the prepared thin films were analyzed using 

Rigaku miniflex-600 with Cu-Kα radiation (λ=1.5418  Å) working at 30 kV, and the 

functional groups present in the synthesized material were analyzed using Bruker 

Tensor 27 FT-IR instruments. The surface structure of the samples was determined 

using FE-SEM (JEOL JEM 2100). Energy dispersive X-ray spectroscopy (EDAX) 

CuS@rGO3 CuS@rGO4 CuS@rGO5 CuS@rGO6

0.0120

0.0125

0.0130

0.0135

0.0140

W
e
ig

h
t 

d
e
p

o
s
it

e
d

 (
m

g
 c

m
-2

)

A

 Mass loading



 
Chapter III 

77 
 

Chapter I 

attached to FE-SEM was employed to analyze the elemental composition. VG 

Multilab 2000, Thermo VG Scientific, UK with monochromatic Mg-Kα (1253.6 eV) 

radiation source X-ray photoelectron spectroscope was used for the surface chemical 

composition of CuS@rGO film. The Raman analysis was performed using JASCO 

NRS-5100 with the λ= 514.4 nm. The contact angle measurement was carried out 

using the Rame-Hart instrument. The specific surface area and pore size distribution 

details were collected by Brunauer, Emmett, and Teller (BET) and Barrett-Joyner-

Halenda (BJH) analysis model using Quantachrome Instruments v11.02. 

3.3.2 Electrochemical characterizations 

For investigation of electrochemical properties of various CuS and CuS@rGO 

thin films, the three electrode system was used which consists of CuS or CuS@rGO 

as a working electrode, saturated calomel electrode (SCE), and platinum sheet as a 

reference and counter electrode. All the measurements were carried out in 1 M LiClO4 

electrolyte at ambient temperature. 1 cm
2
 area of the working electrode was exposed 

to the electrolyte. Figure 3.5 shows the electrochemical work station (Figure 3.5a), 

experimental setup (Figure 3.5b), and schematic for the electrochemical study (Figure 

3.5c). The supercapacitive behavior of electrodes was evaluated in terms of Cs, 

electrochemical stability, Rs and Rct. The CV, GCD, and EIS measurements were 

carried out using an electrochemical workstation (ZIVE MP1). 

 

Figure 3.5: a) The electrochemical work station, b) experimental setup, and c) 

schematic representation of three electrode system. 

3.3.2.1 Cyclic voltammetry (CV) study 

The CV is an important technique for deciding redox potentials and electronic 

transfer redox reactions. It is used to determine Cs of electrode materials. The CV 

study was carried out in the potential window of -0.2 V to -1.1 V/SCE for CuS and 
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CuS@rGO thin film electrodes. The Cs of electrode material is calculated using Eq. 

2.10. The charge storage mechanism was analyzed using power law. 

3.3.2.2 Galvanostatic charge discharge (GCD) study 

The GCD study was carried out in the same potential window as that of CV for 

CuS and CuS@rGO thin film electrodes. The nature of charge storage is determined 

by the shape of GCD curves. The Cs values of thin film electrodes are calculated 

using Eq. 2.12. 

3.3.2.3 Electrochemical impedance spectroscopy (EIS) 

The EIS analysis was carried out to understand the resistive parameters of 

electrode-electrolyte interface. The EIS measurement was used to characterize the 

interface quality between the electrode and electrolyte, by the electrochemical 

workstation (ZIVE MP1). The EIS study was performed with 5 mV potential 

amplitude in the frequency range of 0.01 Hz to 0.1 MHz at a bias of open circuit 

potential. 

3.4 Results and discussion 

3.4A Physico-chemical characterizations 

3.4A.1 Physico-chemical characterizations of CuS thin films 

3.4A.1.1 XRD study 

 The XRD patterns of CuS thin films deposited at different cycles are 

represented in Figure 3.6a. The diffraction peaks are assigned to (101), (103), (008), 

and (110) crystallographic planes, respectively. The observed planes correspond to 

hexagonal crystal structure with lattice parameter of a= 3.77 Å, b= 3.77 Å and c= 

16.27 Å and intensities of these peaks are in good agreement with JCPDS card no. 01-

078-0877. The crystallite size estimated along (110) plane was 26 nm using 

Scherrer‟s formula (Eq. 2.4). The XRD peaks highlighted by the symbol * correspond 

to SS substrate. No other diffraction peak was observed indicating the absence of any 

other impurity. 
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Figure 3.6: a) The XRD patterns and b) FT-IR spectra of CuS thin films deposited at 

different cycles. 

3.4A.1.2 FT-IR study 

The molecular bond vibrations in CuS thin films deposited at 60, 80, 100, and 

120 cycles were investigated using FT-IR. The FT-IR absorption spectra in the 

wavenumber range of 4000-400 cm
-1

 of CuS are shown in Figure 3.6b. The strong 

absorption bands at 617 and 1107 are assigned to the characteristic absorption of CuS 

[24]. The broad absorption peak at 1587 cm
-1

 indicates the presence of -OH bond of 

adsorbed H2O; also, broad peak at 3315 cm
-1

 are associated with bonded and 

nonbonded -OH groups from adsorbed water molecules [25, 26]. The results of FT-IR 

study confirm presence of adsorbed water in the prepared CuS thin films. From the 

results, formation of CuS on SS substrate was confirmed. 

3.4A.1.3 FE-SEM study 

It is known that, the performance of active material is extensively related to 

morphology of electrode material. The material with microstructured morphology 

may improve specific surface area allowing easy adsorption/desorption of electrolytic 

ions and it enhances electrochemical performance of the electrode. The FE-SEM 

images of CuS thin films deposited at different cycles on the SS substrate at two 

different magnifications (10,000 X and 50,000 X) are shown in Figure 3.7. The FE-

SEM images reveal the correlation between the deposition cycles and surface 

morphology. The random arrangement of particles is attributed to the higher reaction 

rate in the alkaline bath in which nucleation and grain growth take place 

simultaneously. The FE-SEM images of CuS60 film shown in Figure 3.7a and e, 
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indicate sponge like porous structure consists of uniform nanoparticles. The FE-SEM 

images of CuS80 electrode are shown in Figure 3.7b and f indicate increased 

deposition cycles affected microstructure of thin film. Figure 3.7f reveals a 

nanoflakes-like structure overgrown on spongy base. Also, these nanoflakes are 

connected to each other resulting in interconnected networks. With the increase in the 

deposition cycles of CuS thin film (for CuS100 thin film), nanoflakes like 

morphology with some individual overgrown particles is obtained (Figure 3.5c and g). 

Similarly, CuS120 thin film (Figure 3.7d and h)) shows a cluster of 

nanoflowers, indicating that the sample consists of overgrown nanoparticles with an 

uneven porous structure having compact morphology. Most importantly, the 

nanoflakes are interconnected with each other, which help efficiently to carry 

electrons from active material to the current collector. 

 

Figure 3.7: FE-SEM images of a) CuS60, b) CuS80, c) CuS100, and d) CuS120 at the 

magnification of 10,000 X, and e) CuS60, f) CuS80, g) CuS100, and h) CuS120 at the 

magnification of 50,000 X. 

3.4A.1.4 EDAX study 

The chemical composition of CuS thin films was investigated by EDAX and 

presented in Figure 3.8a-d. The EDAX spectra confirm the presence of Cu and S 

elements in a material without any other impurity. The atomic percentage of Cu in 

CuS100 thin film is 49.37% and that of S is 50.63%. The atomic percentage of 

constituting elements for CuS thin films is shown in inset of each image. The 

observed Cu:S atomic ratios for CuS60, CuS80, CuS100, and CuS120 thin film 
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electrodes are 0.9:1, 0.92:1, 0.97:1, and 0.97:1, respectively. The CuS thin film 

formation was confirmed from the EDAX analysis. 

 

Figure 3.8: The EDAX spectra of a) CuS60, b) CuS80, c) CuS100, and d) CuS120 

thin films (Insets show atomic percentages of constituting elements of CuS thin film). 

3.4A.1.5 Raman study 

The Raman spectroscopic study of CuS100 thin film was carried out using Ar 

laser with an excitation wavelength of 532 nm which explores the chemical bonding 

of the material. The Raman spectrum of CuS100 thin film recorded over 200-800 cm
-1

 

is shown in Figure 3.9a. The sharp peak at wavenumber 473 cm
-1

 corresponds to S-S 

bonding in CuS film. Bulakhe et al. [27] and Tang et al. [28] reported similar results 

for Cu2S compound. 

3.4A.1.6 Contact angle measurement 

The nature of surface structure of solid film creates considerable impact on the 

wettability of the water based electrolytes with film surface. The smaller contact angle 

and higher surface energy has profoundly positive influence on the electrochemical 

performance of the material. The particle shape, particle size, purity, roughness, 
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cleanliness of surface and heterogeneity affect the contact angle values [29-31]. The 

hydrophilic nature is suitable for SCs application as it provides more interface for 

electrolyte ions with active electrode. The water contact angle image of CuS film is 

shown in Figure 3.9b. The contact angle of CuS100 thin film is 47°. The porous 

surface of CuS100 film is beneficial for lower water contact angle. The hydrophilic 

nature of the thin film surface helps to create intimate contact with the water based 

electrolyte which may result in the lower resistances [32, 33]. 

 

Figure 3.9: a) The Raman spectrum, b) photograph of water contact angle, c) N2 

sorption isotherms, and d) BJH pore size distribution curve of CuS100 thin film. 

3.4A.1.7 BET study 

It is well known that as the specific surface area of the electrode material 

increases, the charge accumulation on the electrode increase in proportion. The 

specific surface area and average pore size distribution of material scratched from the 

CuS100 thin film electrode were measured by N2 sorption isotherms. CuS100 thin 

film exhibits type IV isotherms (Figure 3.9c) having a H3-type hysteresis curve in the 

range of 0.40 to 1.0 of relative pressure, indicating the presence of meso and 

micropores. The average pore diameter of the electrodes was analysed by Barrett-

Joyner-Halenda (BJH) method and results are provided in Figure 3.9d. The BET 
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specific surface area of CuS100 sample is 32.4 m
2
 g

-1
 and observed average pore 

diameter is 29 nm. 

3.4A.2 Physico-chemical characterizations of CuS@rGO thin films 

3.4A.2.1 XRD study 

The XRD patterns of CuS@rGO3, CuS@rGO4, CuS@rGO5, and CuS@rGO6 

thin films are shown in Figure 3.10a. Intense peaks correspond to (004), (102), (103), 

and (110) planes of hexagonal crystal structure of CuS (JCPDS card no. 01-078-

0877). The variation in the peak intensity at 2θ= 32.77° indicates that the 

concentration of rGO affects the growth rate of CuS nanoparticles on rGO sheet. The 

orientation of CuS nanoparticles along the crystallographic plane (103) increases from 

CuS@rGO3 to CuS@rGO6 thin films. The calculated d values (from Eq. 2.3) match 

well with standard d value which confirms the hexagonal crystal structure of CuS in 

CuS@rGO thin films. The prominent diffraction peaks observed for CuS@rGO thin 

films are different from that of CuS thin films (Figure 3.6a). The crystallite size 

calculated using Scherrer‟s formula (Eq. 2.4) along (102) plane was 31 nm. Compared 

to the crystallite size of CuS, crystallite size of CuS@rGO is higher. The XRD peaks 

highlighted by the symbol * correspond to the SS substrate. No other diffraction peak 

is observed indicating the absence of any other impurity. XRD study confirms that 

composition of rGO with CuS affects growth of CuS particles. 

3.4A.2.2 FT-IR study 

The FT-IR absorption spectra in the wavenumber range of 4000–400 cm
−1

 of 

rGO-CuS3 to rGO-CuS6 thin films are shown in Figure 3.10b. The strong bond 

absorptions at around 815 and 1107 cm
−1

 are assigned to the characteristic absorption 

of CuS. The absorption peak at 1324 cm
−1

 corresponds to -COOH symmetric stretch. 

The broad absorption peak at 1599 cm
−1

 indicates the presence of sp2 bond of C-C in 

rGO; also, peaks at 3326 cm
−1

 is associated with bonded and nonbonded -OH groups 

from adsorbed water molecules. Compared to FT-IR spectrum of CuS thin films, 

additional absorption bands from the rGO is observed in the CuS@rGO thin films. 

From the results, the formation of CuS@rGO on SS substrate can be confirmed.  
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Figure 3.10: a) The XRD patterns and b) the FT-IR spectra of CuS@rGO thin films 

deposited using different concentrations of rGO suspension. 

3.4A.2.3 FE-SEM study 

 

Figure 3.11: FE-SEM images of a) CuS@rGO3, b) CuS@rGO4, c) CuS@rGO5, and 

d) CuS@rGO6 at the magnification of 20,000 X, and e) CuS@rGO3, f) CuS@rGO4, 

g) CuS@rGO5, and h) CuS@rGO6 at the magnification of 100,000 X. 

Microstructures of CuS@rGO thin films observed from FE-SEM at different 

magnifications are shown in Figure 3.11a-h. Figures 3.11a-d show images of the 

CuS@rGO thin films at 20,000 X magnification, displaying a discontinuous and 

irregularly arranged rGO sheets structure. Figures 3.11e-h show FE-SEM images at 

100,000 X magnification which indicate rGO network is interconnected by CuS 

nanoparticles sandwiched between rGO sheets. The rGO sheets are uniformly coated 

with CuS nanoparticles in all thin films prepared at various concentration of rGO 

suspension. These nanoparticles prevent the staking of rGO sheets and also provide 

easy access to electrolyte ions at the bulk of electrode material through diffusion. 

Compared to FE-SEM images of CuS thin films (Figure 3.7), the pores are observed 

on topography of CuS@rGO thin films. These pores are beneficial for diffusion of 

electrolyte. 
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3.4A.2.4 EDAX study 

The chemical composition of CuS@rGO thin films deposited using different 

concentrations of rGO suspension was investigated by the EDAX. The EDAX spectra 

of CuS@rGO thin films are shown in Figure 3.12a-d. The atomic percentages of C, O, 

S, and Cu elements are shown in the inset of each spectrum, which confirm the 

composite nature of the thin films. The approximately similar atomic percentage of 

Cu and S indicates the possible formation of CuS on rGO sheets. Slightly higher 

content of oxygen shows effective oxidation of the graphite flakes into rGO sheets. 

The rGO sheets have nonplaner oxygen containing groups which allow the growth of 

CuS nanoparticles, and also, these groups provide more active sites for interaction 

with Li
+
 ions from electrolyte, which may increase the energy storage capacity of a 

composite thin film. 

 

Figure 3.12: The EDAX spectra of a) CuS@rGO3, b) CuS@rGO4, c) CuS@rGO5, 

and d) CuS@rGO6 thin films (Insets show atomic percentages of constituting 

elements). 

3.4A.2.5 XPS study 
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Figure 3.13: The XPS spectra of a) CuS@rGO film wide survey scan, b) Cu2p, c) 

S2p, d) C1s, and e) O1s. 

The surface elemental composition and oxidation states of CuS@rGO film 

were investigated by the XPS. A wide survey scan of the XPS spectrum taken in the 

range of 0–1350 eV is displayed in Figure 3.13a. The observed peaks from elements 

Cu, S, O and C indicates possible formation of CuS@rGO composite thin film on SS 

substrate. The XPS of Cu2p peaks is deconvolved in the binding energies of Cu2p1/2 

(951.15 eV) and Cu2p3/2 (932.62 eV) as shown in Figure 3.13b. These peaks are 

deconvolved into two components which are assigned to Cu
2+

 and Cu
+ 

[34, 35]. The 

peaks at binding energies 931.4 and 951.16 eV are assigned to Cu and peaks at 932.62 

and 952.35 eV correspond to Cu
2+

 states of Cu. Small satellite peaks correspond to 



 
Chapter III 

87 
 

Chapter I 

major peaks are observed. The XPS spectra of S2p (Figure 3.13c) indicate presence of 

sulfur in different chemical states. The peaks at 160.9, 161.9, and 162.9 eV are 

assigned to sulfide (S
2−

), peaks at 164.3 and 165.2 eV to sulfite (S
4+

), and peaks at 

168.3 and 169.6 eV to sulfate (S
6+

) species [36]. The XPS spectrum of C1s from rGO 

(Figure 3.13d) indicate three components that are related to C atoms in different 

functional groups; the peak at 284.3 eV indicates (C=C) ring of rGO, the peak at 

286.1 eV indicates C-O bond confirming hydroxyl group attached to the rGO sheet, 

and peak of C (C=O) at 288.4 eV also confirms carboxylic group [37].  

As shown in Figure 3.13e, the atomic percentage of O on the surface of the 

sample is very high, which is attributed to various oxidation states based on the 

differences in the position and shape of O1s peaks. The O1s signal of CuS@rGO 

could be deconvolved into three Gaussian peaks. The peak at binding energy 531.9 

eV attributed to lattice oxygen confirms formation of O-C bond, and other two peaks 

at 530.7 and 532.8 eV are attributed to nonlattice oxygen from the carboxyl, sulfonyl, 

and hydroxyl groups, respectively [38, 40]. The XPS study lights up the possible 

presence of Cu=S, C=S=O, C=O, O-Cu-S, C=C, C-C=O(OH), C=S(O)=O bonds in a 

composite CuS@rGO thin film [41]. 

 

Figure 3.14: a) The Raman spectrum, b) water contact angle photograph, c) N2 

sorption isotherms, and d) BJH pore size distribution curve of CuS@rGO thin film 

deposited at 0.5 mg mL
-1

 concentration of rGO suspension. 
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3.4A.2.6 Raman study 

The Raman spectroscopic study of CuS@rGO5 film was carried out using Ar 

laser with an excitation wavelength of 532 nm which explores the chemical bonding 

of the material. The Raman spectrum of CuS@rGO thin film is shown in Figure 

3.14a. The sharp peak at wavenumber 473 cm
-1

 corresponds to S-S bonding in 

CuS@rGO film. The sharpness of the peak confirms the formation of the crystallite 

form of CuS on the rGO sheets. Other peaks present at 1346, 1599 cm
-1

, and broad 

peaks at 2691 and 2944 cm
-1

 are related to the D, G, and 2D peaks of rGO sheets, 

respectively. More intensity of the D band indicates comparatively large defects in the 

rGO sheet which distorts the sp
2
 hybridization to the sp

3
. This supports the results 

obtained from the FT-IR study of the samples. 

The G peak helps in the quantitative analysis of the rGO sheet. The results 

obtained from the equation I(G)/I(2D) indicate the mechanism of formation of 

CuS@rGO composite thin film. The broad 2D peak at 2692 cm
-1

 suggests formation 

of multilayered rGO sheets separated by CuS nanoparticles. The stacked rGO sheets 

with sp
2
 hybridization provide an easy lateral path to conduct the electrons. This could 

decrease Rs of the thin film electrodes. 

3.4A.2.7 Contact angle measurement 

The contact angle with DDW for CuS@rGO5 thin film is shown in Figure 

3.14b. The value of contact angle for CuS@rGO5 thin film electrode was 39°, 

indicate hydrophilic nature of films. The hydrophilic nature of thin film surface helps 

to create intimate contact with the water based electrolyte. 

3.4A.2.8 BET study 

To measure specific surface area and pore size distribution of thin films, BET 

and BJH techniques were employed, and N2 adsorption-desorption isotherms of 

CuS@rGO5 is shown in Figure 3.14c. The specific surface area of CuS@rGO5 

sample is 77.5 m
2
 g

−1
. The BJH analysis gives a pore size distribution (Figure 3.14d) 

for the CuS@rGO5 sample with a mean pore size of 22 nm, indicating a mesoporous 

structure of thin films. 

3.4B Electrochemical characterizations  
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3.4B.1 Electrochemical characterizations of CuS thin films 

3.4B.1.1 CV study 

 

Figure 3.15: a) Comparative CV curves of CuS thin films at a scan rate of 20 mV s
-1

, 

b) variation of Cs with the scan rates, and the CV curves at various scan rates from 2-

20 mV s
-1

 of c) CuS60, d) CuS80, e) CuS100, and f) CuS120 thin film electrodes. 

The electrochemical evaluation of CuS thin films was carried out in an 

aqueous 1 M LiClO4 electrolyte. The potential window for CuS electrode is -0.2 to -

1.1 V/SCE. The CV curves for CuS thin films deposited at various cycles are shown 

in Figure 3.15a. From CV curves, it is seen that strong oxidation and reduction peaks 

for CuS arise at a potential of -0.57 and -0.79 V/SCE, respectively. The area under 

CV curves is directly proportional to the scan rate. The current response of CuS100 
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film electrode in CV curves is more, indicating CuS100 may facilitate fast electronic 

and ionic transport. The change of oxidation states of Cu
2+

 at an interface of CuS and 

electrolyte is shown in the following equation, 

Cu
(II)

S + xLi
+
 → Cu

(I)
S.Lix

+
 + e

-
     (3.1) 

 

Figure 3.16: a) Plots of log I against log υ, b) plots of I/υ
1/2

 against υ
1/2

 for CuS thin 

film electrodes; and contribution of capacitive and diffusion controlled currents for c) 

CuS60, d) CuS80, e) CuS100, and f) CuS120 thin film electrodes. 

The Li
+
 ions from electrolyte adsorbed on the CuS surface get oxidised at 

desired potential, converting Cu
2+

 to Cu
+
. In the reverse scan these Cu

(I)
S.Lix

+
 species 

get reduced to form Cu
2+

 (CuS). The shape of CV curves of CuS film electrode is of 
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typical pseudocapacitive material type. The highest Cs value of CuS60, CuS80, 

CuS100, CuS120 film electrodes at scan rate of 2 mV s
-1

 are 550, 639, 687, and 660 F 

g
-1

, respectively. 

The graph of variation of Cs with scan rate for CuS thin films displayed in 

Figure 3.15b. At a lower scan rate, Li
+
 ions from LiClO4 electrolyte take more time 

for intercalation/deintercalation reaction, which gives more charge transfer during a 

low scan rate compared with higher scan rates. The decrease in Cs with a rise in a scan 

rate is due to the least time available for reversible redox reactions at higher scan 

rates. At higher scan rate, all the electrolyte ions do not undergo reversible redox 

reaction due to time constraint so Cs decreases with the scan rate. The rate capacity of 

CuS100 electrode is 60%. The CV curves of CuS60, CuS80, CuS100, and CuS120 

thin film electrodes at different scan rates from 2 to 20 mV s
−1

 are shown in Figure 

3.15c-f. The increase in current response with the scan rate is observed for all thin 

film electrodes. From the CV curves one can conclude that CuS thin film electrodes 

can be used as an electrode material at various current ratings. 

The amount of total charge stored by the electrode is ascribable to the 

contribution of capacitive and diffusion processes. Capacitive charge storage is 

associated with the electroadsorption of the electrolyte ions on the surface of the 

electrode followed by the surface redox reactions. In diffusion charge storage process, 

insertion of electrolyte ions inside the electrode structure takes place where they 

undergo redox reactions. The charge storage kinetics of CuS is studied using the 

power law, 

               (3.2) 

where I (mA) is the maximum current, υ (mV s
−1

) represents the scan rate, and „a‟ and 

„b‟ are coefficients. If b ≅ 0.5, then the maximum charge storage is by diffusion 

controlled processes, and on the other hand, if b ≅ 1, the maximum charge storage is 

due to the capacitive processes. From the slope of graph log (I) versus log (υ) (Figure 

3.16a), the values of „b‟ found to be 0.66, 0.61, 0.57, and 0.56 for CuS60, CuS80, 

CuS100, and CuS120 thin film electrodes, respectively, indicate that maximum 

quantity of charge stored is through the diffusion process. To find out the exact 

contribution by capacitive process and diffusion controlled process in total current 
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response, further analysis of the CV responce is carried out by using Eq. (3.3) as 

below: 

 ( )         
                           (3.3) 

where k1υ and k2υ
1/2

 are the contributions from the capacitive process and diffusion-

controlled processes, respectively. The slope and intercept of the linear fit of the 

graph of I/ʋ
1/2

 versus ʋ
1/2

 give values of k1 and k2, respectively, as shown in Figure 

3.16b. The capacitive and diffusion controlled currents calculated from Eq. (3.3) and 

their contributions are shown in Figure 3.16c–f for different CuS electrodes. It is seen 

that as the scan rate decreases, the contribution from the diffusion controlled process 

increases and results in a larger value of Cs. At a scan rate of 20 mV s
−1

, 

approximately 40% of charge is stored through the capacitive process in CuS60 which 

decreases to just 19% for CuS120 thin film. A large contribution from the diffusion 

controlled process is due to the increased thickness of film which allows easy 

penetration of electrolyte inside film. For CuS100 and CuS120 thin films, similar 

charge storage contribution from capacitive and diffusion controlled processes is 

observed. This indicates that with increase in thickness above CuS120 will not affect 

charge storage capacity of CuS thin films. 

3.4B.1.2 GCD study 

The GCD curves at a current density of 5 A g
-1

 for CuS electrodes deposited at 

60, 80, 100, and 120 cycles are shown in Figure 3.17a. The GCD profile of CuS film 

electrode is nontriangular suggesting charge storage from the surface redox reactions 

[42-44]. The values of Cs calculated using Eq. 2.12 are 535, 625, 672, and 645 F g
-1

 

for CuS60, CuS80, CuS100, and CuS120 film electrodes at charge discharge current 

density of 1 A g
-1

. The easy ion transfer path is delivered by the surface of the 

electrode, which changes the intercalation/deintercalation rate by decreasing the 

internal resistance (IR) of material [45]. Variation of Cs with the current density is 

shown in Figure 3.17b. An increase in IR and time constraint for the reversible redox 

reactions at higher applied current densities cause a decrease in Cs with rising applied 

current density. The GCD plots of CuS60, CuS80, CuS100, and CuS120 thin film 

electrodes at different current densities are shown in Figures 3.17c-f. The 

nontriangular GCD profiles suggest that charge storage is of the pseudocapacitive 
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type. The highest discharge time is observed for CuS100 electrode compared with 

other electrodes, which indicate excellent electrochemical performance. 

 

Figure 3.17: a) Comparative GCD curves of CuS thin film electrodes at a current 

density of 5 A g
-1

, b) variation of Cs with the current densities, and the GCD curves at 

various current densities from 1-5 A g
-1

 of c) CuS60, d) CuS80, e) CuS100, and f) 

CuS120 thin film electrodes. 

The nonlinear behavior of the charge and discharge curves reveals the surface 

redox reactions of CuS thin film electrodes. Moreover, good symmetrical features of 

GCD curves explain that CuS material produces excellent electrochemical potential 

and redox reversibility during charge discharge over total range of potential. The 

better electrochemical capacitive performance of CuS100 electrode is originated from 

optimized thickness of the film and high surface area provided by nanoflower-like 
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morphology. Moreover, the decreasing trend of capacitance with increasing current 

density indicates that the inner surface of electrode material is not accessible at a 

higher current density. 

 

Figure 3.18: a) Nyquist plots, b) the fitted equivalent circuit for the EIS data, and c) 

the stability curves for CuS thin film electrodes. 

3.4B.1.3 EIS study 

In the Nyquist plot, semicircle appears in high frequency region and straight 

line in low frequency region. The semicircle in the high frequency region represents 

the Rct that arises due to faradaic reactions and double layer capacitance at the 

interface of electrode/electrolyte. The Rs was obtained by pointing the intersection of 

the Nyquist plot to the real axis, which is a combination of electrolyte resistance and 

contact resistance at the interface between electrode and electrolyte. The diameter of 

the semicircle at high frequency region gives the Rct value and it is related to the 

faradaic leakage current. The Nyquist plots of CuS films are shown in Figure 3.18a 

confirm supercapacitive nature with low Rs and Rct. The electrolytic ion diffusion in 

the active material is responsible for the straight line in the low frequency region and 

it corresponds to W. The EIS data reveals that CuS100 film electrode has lower 

resistance and better electrochemical performance [46, 47]. 
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The fitted equivalent circuit for the EIS data of CuS film electrodes is shown 

in inset of Figure 3.18b. The circuit consists of Rs, Rct, W, and Cdl notations are the 

series resistance, charge transfer resistance, Warburg impedance and double layer 

capacitance, respectively. The values of fitted circuit parameters are tabulated in 

Table 3.1. The best performing CuS100 electrode show fitted values of Rs, Rct, W, and 

Cdl are 1.34 Ω cm
-2

, 3.54 Ω cm
-2

, 0.92 mF, and 0.95 Ω, respectively. 

Table 3.1: Electrochemical impedance spectroscopic fitted circuit parameters for 

Nyquist plots of CuS thin film electrodes. 

Sample Rs (Ω cm
-2

) Rct (Ω cm
-2

) Cdl (mF) W (Ω) 

CuS60 1.77 1.20 0.89 0.56 

CuS80 1.36 5.91 0.85 0.76 

CuS100 1.34 3.54 0.92 0.95 

CuS120 2.96 13.82 0.91 1.28 

 

3.4B.1.4 Stability study 

The stability was investigated for all CuS electrodes over 10,000 GCD cycles at 

a current density of 5 A g
-1

 and the corresponding capacitive retention plot is 

presented in Figure 3.18c. The capacitive retention for CuS60, CuS80, CuS100, 

CuS120 electrodes are 74, 79, 89, and 80%, respectively. As the thickness of film 

electrode increases, more electrochemical stability of the film electrodes was 

observed. But for CuS120 film electrode, the capacitance drops due to low adherence 

of film to the substrate [48]. 

3.4B.2 Electrochemical characterizations of CuS@rGO thin films 

3.4B.2.1 CV study 

The electrochemical evaluation of rGO and CuS@rGO thin films was carried 

out in aqueous 1 M LiClO4 electrolyte in the potential window -0.2 to -1.1 V/SCE. 

The CV curves of thin film electrodes at a scan rate of 20 mV s
−1

 shown in Figure 

3.19a indicate that there is more current response for the CuS@rGO5 thin film 

compared with CuS@rGO3, CuS@rGO4, and CuS@rGO6 thin film electrodes. Area 

enclosed by the CV curve of rGO was too smaller compared to CuS@rGO electrodes. 
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The specific capacitance of rGO (23 F g
-1

) is very low compared to CuS@rGO5 (790 

F g
-1

) at the scan rate of 20 mV s
-1

. Hence, further electrochemical characterization of 

rGO does not reported in further study. This shows that CuS@rGO5 thin film 

electrode may facilitate fast electronic and ionic transport which raises the current 

response capacity of the electrode.  

 

Figure 3.19: a) Comparative CV curves of rGO and CuS@rGO thin films at a scan 

rate of 20 mV s
-1

, b) variation of Cs with the scan rate, and the CV curves at various 

scan rates from 2-20 mV s
-1

 of c) CuS@rGO3, d) CuS@rGO4, e) CuS@rGO5, and f) 

CuS@rGO6 thin film electrodes. 
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The nonrectangular shape of the CV curves confirms the presence of a 

pseudocapacitive charge storage mechanism. The Cs values of film electrodes 

calculated using Eq. 2.10 at a scan rate of 2 mV s
-1

 are 901.6, 1109.1, 1201.8, and 

1022.9 F g
−1

 for CuS@rGO3, CuS@rGO4, CuS@rGO5, and CuS@rGO6 thin film 

electrodes, respectively. 

 

Figure 3.20: a) Plots of log I against log υ, b) plots of I/υ
1/2

 against υ
1/2

 of CuS@rGO 

thin film electrodes; and contribution of capacitive and diffusion controlled currents 

for c) CuS@rGO3, d) CuS@rGO4, e) CuS@rGO5, and f) CuS@rGO6 thin film 

electrodes. 
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The graphs of variation of Cs with the scan rate for all films displayed in Figure 

3.19b show a decrease in Cs with a higher scan rate due to least time for reversible 

redox reactions to happen. At a higher scan rate, all the electrolyte ions do not 

undergo reversible redox reaction due to time constraint so Cs decreases with the scan 

rate. A decrease of 55% of capacitance is observed from scan rate 2 to 20 mV s
−1

 in 

the case of CuS@rGO5 electrode. The CV curves of CuS@rGO3, CuS@rGO4, 

CuS@rGO5, and CuS@rGO6 thin film electrodes at different scan rates from 2 to 20 

mV s
−1

 are shown in Figure 3.19c-f. From the CV curves one can conclude that CuS 

thin film electrodes can be used as an electrode material at various current ratings. 

The amount of total charge stored by the electrode is ascribable to the 

contribution of capacitive and diffusion processes. The charge storage kinetics of 

CuS@rGO is studied using the power law (Eq. (3.2)). From the slope of graph log (I) 

versus log (υ) (Figure 3.20a), the values of “b” are found to be 0.63, 0.67, 0.62, and 

0.74 for CuS@rGO3, CuS@rGO4, CuS@rGO5, and CuS@rGO6 thin film electrodes, 

respectively. This indicates that maximum quantity of charge stored is through the 

diffusion process. To find out exact contribution by capacitive process and diffusion 

controlled process in total current response, further analysis of the CV is carried out 

by using Eq. (3.3). 

The slope and intercept of the linear fit of graph of I/ʋ
1/2

 verses ʋ
1/2

 give values 

of k1 and k2, respectively, as shown in Figure 3.20b. The capacitive and diffusion 

controlled currents calculated from Eq. (3.3) and their contributions are shown in 

Figure 3.20c–f for different CuS@rGO electrodes. It is seen that as the scan rate 

decreases, the contribution from the diffusion controlled process increases and results 

in a larger value of Cs. Approximately 47% of charge is stored through the capacitive 

process in CuS@rGO5 at a scan rate of 20 mV s
−1

 which decreases to just 22% at a 

scan rate of 2 mV s
−1

. A large contribution from the diffusion controlled process is 

due to the layered structure which allows easy penetration of electrolyte itself. 

3.4B.2.2 GCD study 

The GCD curves at a current density of 5 A g
−1

 for CuS@rGO electrodes are 

shown in Figure 3.21a. The values of Cs calculated using Eq. 2.12 are 872.5, 1091.5, 

1132.9, and 1022.8 F g
−1

 for CuS@rGO3, CuS@rGO4, CuS@rGO5, and CuS@rGO6 

thin films, respectively, at a current density of 1 A g
−1

. Variation of Cs with the 
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current density is shown in Figure 3.21b. An increase in IR and time constraint for the 

reversible redox reaction at higher applied current densities causes a decrease in Cs 

with rising applied current density.  

 

Figure 3.21: a) Comparative GCD curves of CuS@rGO thin film electrodes at a 

current density of 5 A g
-1

, b) variation of Cs with the current densities, and the GCD 

curves at various current densities from 1-5 A g
-1

 of c) CuS@rGO3, d) CuS@rGO4, 

e) CuS@rGO5, and f) CuS@rGO6 thin film electrodes. 

The GCD plots of CuS@rGO3, CuS@rGO4, CuS@rGO5, and CuS@rGO6 

electrodes at different current densities shown in Figures 3.21c-f, suggest an increase 

in the internal resistance with the rise of the current density of charging. The GCD 

profile is nontriangular and much different from the GCD profile of pristine CuS. This 
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suggests that charge storage is from the combination of pseudocapacitive type CuS 

and EDLC type rGO. The highest discharge time was observed for CuS@rGO5 

electrode compared with other electrodes, which indicate excellent electrochemical 

performance. The nonlinear (quasi triangular) behavior of the charge and discharge 

curves revealed the intercalation pseudocapacitive characteristic of CuS@rGO thin 

films [49]. 

The GCD profiles of all CuS@rGO thin film electrodes show intercalated 

pseudocapacitive behavior. Moreover, good symmetrical features of GCD curves 

explain that CuS@rGO composite material produces excellent electrochemical 

potential and redox reversibility during charge discharge for the total range of 

potential. The better electrochemical capacitive performance of CuS@rGO5 electrode 

is originated from optimized thickness and amount of rGO concentration used for 

composition of the film and high surface area provided by nanosheet-like 

morphology. 

3.4B.2.3 EIS study 

The EIS spectra of CuS@rGO thin film electrodes plotted in Figure 3.22a 

confirm a supercapacitive nature with low Rs and Rct. The EIS plot at higher 

frequencies is shown in Figure 3.22b. The values of Rs are 3.34, 2.75, 2.78, and 4.13 

Ω cm
−2

 and those of Rct 19.2, 21.3, 20.8, and 43.92 Ω cm
−2

 for CuS@rGO3, 

CuS@rGO4, CuS@rGO5, and CuS@rGO6 thin film electrodes, respectively. The 

values of Rs, Rct, Cdl, and W of CuS@rGO electrodes are determined by fitting 

measured data with the equivalent circuit (inset of Figure 3.22b), and the observed 

values are given in Table 3.2. The EIS data reveals that CuS@rGO5 thin film 

electrode has good conductivity and better electrochemical performance. The 

appropriate concentration of rGO with CuS forms a binder free stoichiometric thin 

film which facilitates better conducting properties with electrochemical reactions. 

Such type of properties was observed in the case of CuS@rGO5 thin film, as the 

concentration of rGO increases further and then, rise in Rs and Rct is observed, while 

at low concentration of rGO which may be due to lack of appropriate active sites, 

values of Rs and Rct are higher [50]. 
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Table 3.2: Electrochemical impedance spectroscopic fitted circuit parameters for 

Nyquist plots of CuS@rGO thin film electrodes. 

Sample Rs (Ω cm
-2

) Rct (Ω cm
-2

) Cdl (mF) W (Ω) 

CuS@rGO3 3.34 22.21 1.03 0.36 

CuS@rGO4 2.75 21.30 1.23 0.35 

CuS@rGO5 2.78 20.80 1.37 0.41 

CuS@rGO6 4.13 43.92 1.45 0.58 

     

 

Figure 3.22: a) Nyquist plots of CuS@rGO thin films, b) the fitted equivalent circuit 

for the EIS data, and c) the stability curves for CuS@rGO thin film electrodes. 

3.4B.2.4 Electrochemical stability 

The stability of CuS@rGO thin film electrodes was carried out by repeating 

10,000 GCD cycles at an applied current density of 5 A g
−1

. The capacitance retention 

of electrodes with the GCD cycles is shown in Figure 3.22c. The capacitance 

retentions for CuS@rGO3, CuS@rGO4, CuS@rGO5, and CuS@rGO6 thin film 

electrodes were 76, 81, 94, and 87%, respectively. The excellent electrochemical 
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characteristics were due to the layered architecture of the electrodes providing more 

electroactive sites to electrochemical reactions and randomly distributed vertical paths 

for electron conduction and ion diffusion. 

3.5 Conclusions 

In conclusion, SILAR method is developed to prepare sequential layered 

CuS@rGO composite thin film electrodes directly on SS substrate. The layered 

structure of CuS and rGO shows maximum Cs of 1201.8 F g
-1

 at the scan rate of 2 mV 

s
-1

 in 1 M LiClO4 electrolyte. The value of Rs is decreased for CuS@rGO electrode 

compared to pristine CuS but value of Rct increases with the introduction of rGO. The 

electrochemical cycling stability of CuS@rGO5 film electrode (94%) is more 

compared to CuS film electrode (89%). These electrochemical investigations indicate 

CuS@rGO as a future electrode material in SCs. 
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4.1. Introduction 

The composition of pseudocapacitive materials with modified graphenes (rGO 

and GO) has been widely studied due to their exceptional characteristics, particularly 

high surface area, moderate electrical conductivity, and good thermal stability [1]. 

Different morphologies can be achieved by employing composition. Also, the 

composition of pseudocapacitive materials with EDLC materials shows an effective 

way to enhance electrochemical cycling stability. The functional groups attached to 

the rGO such as -COOH, -OH, -CHO, etc., provide excellent defect sites for the 

growth of pseudocapacitive material [2]. However, the binder free synthesis of the 

composite electrode on the conducting current collector is still a challenge [3]. 

Considering the above viewpoints, herein structural characteristics and 

electrochemical analysis of SILAR deposited copper selenide and copper selenide 

composited with rGO thin films are presented. Layer structured material consisting 

rGO sheets with numerous interlinked copper selenide nanoparticles with mesopores 

morphology were prepared.  Furthermore, the charge storage mechanism of the bare 

and composite electrodes was identified. A FSS-ASC device with configuration of 

CuSe2@rGO//CuS was fabricated and the electrochemical features were studied. 

4.2. Synthesis and characterization of CuSe2 and CuSe2@rGO thin films 

4.2.1 Introduction 

The preparation method of electrode material must be facile and scalable. From 

these points of view, CuSe2 and CuSe2@rGO thin films are fabricated on flexible SS 

substrates using SILAR method at room temperature. The porous electrode structure 

can be achieved by compositing rGO sheets with CuSe2 nanoparticles. The present 

section deals with the synthesis of CuSe2 and CuSe2@rGO thin films. 

4.2.2 Experimental details 

4.2.2.1 Chemicals 

The required chemicals such as AR grade copper pentahydrate (CuSO4.5H2O) 

and KOH were purchased from Thomas Baker Chemicals Pvt. Ltd., India, and sodium 

selenide (Na2Se) were purchased from Sigma Aldrich used without further 

purification. The commercially available flexible SS of thickness 0.3 mm (304 grade) 

was used as substrate. The DDW was used as a solvent throughout the experiment. 
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4.2.2.2 Preparation of CuSe2 thin films 

To synthesis copper selenide thin film; 50 mL of 0.1 M CuSO4, 5H2O and 0.05 

M Na2Se were utilized as a source of Cu
2+

 ions and source of Se
2-

 ions, respectively. 

Well cleaned SS substrate was immersed in the cationic precursor for 20 s and then in 

DDW for 15 s to remove loosely adsorbed Cu
2+

 ions from SS substrate. Further, SS 

substrate was immersed in anionic precursor where preadsorbed Cu
2+

 ions react with 

Se
2-

 ions to form copper selenide. Excessive and unreacted species were removed by 

15 s rinsing in DDW. These immersions in different precursor solutions along with 

rinsing in DDW complete a cycle of deposition and such 20, 30, 40, and 50 cycles 

were repeated to get sufficient thickness of thin films. The films prepared at 20, 30, 

40, and 50 SILAR cycles are denoted as C1, C2, C3, and C4, respectively. The mass 

loading of film measured through the gravimetric weight difference method was 0.082 

(±0.001), 0.087 (±0.001), 0.091 (±0.001), and 0.093 (±0.001) mg cm
-2

 for C1, C2, C3, 

and C4 thin films, respectively. The variation in mass loading of copper selenide thin 

films is graphically shown in Figure 4.1. The physico-chemical and electrochemical 

characterizations of the thin film showing the best electrochemical performance than 

others are provided in this chapter to maintain the flow of the chapter. 

 

Figure 4.1: Graphical representation of weight deposited of copper selenide on SS 

substrate at 20 (C1), 30 (C2), 40 (C3), and 50 (C4) SILAR deposition cycles. 
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Figure 4.2: Schematic of SILAR method used for deposition of CuSe2@rGO thin 

films. 

4.2.2.3 Synthesis of CuSe2@rGO thin films 

The rGO suspension of the desired concentration was prepared using a top-

down approach (Hummers method) from graphite flakes obtained from the Sigma-

Aldrich company [4]. From the results of previous chapter, the optimised 

concentration of rGO suspension (0.5 mg mL
-1

) was used to deposit a layer of rGO 

sheets on the SS substrate through layer-by-layer (LBL) method. The synthesis 

process of CuSe2@rGO was carried out as follows; SS substrate was immersed in 

rGO suspension for 60 s and then dried for 30 s at room temperature; followed by the 

deposition of copper selenide as described above in section 4.2.2.2. Total 40 cycles 

were repeated to get the appropriate thickness of CuSe2@rGO thin films. The mass 

loading of the films was 0.106 (±0.001) mg cm
-2

. It was noted that the addition of 

rGO increases mass loading of CuSe2@rGO thin film. The schematic of SILAR 

deposition method adopted to prepare CuSe2@rGO composite thin films is shown in 

Figure 4.2. Thin films of rGO were prepared using LBL method repeated for 40 

cycles. This thin film was used for comparative electrochemical study. 

4.2.2.4 Material characterizations 

4.2.2.4A Physico-chemical characterizations 

All the physico-chemical characterizations of CuSe2 and CuSe2@rGO thin films 

were performed as mentioned in section 3.3.1. 

4.2.2.4B Electrochemical characterizations 
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For investigation of electrochemical properties of CuSe2 and CuSe2@rGO thin 

films, three electrode system was used with CuSe2 or CuSe2@rGO as a working 

electrode, mercury/mercury oxide (Hg/HgO), and platinum sheet as a reference and 

counter electrodes, respectively. All the measurements were carried out in 1 M KOH 

electrolyte. 

4.3 Results and discussion 

4.3.1 Growth mechanism of CuSe2 and CuSe2@rGO thin films 

 CuSe2 and CuSe2@rGO were deposited on the SS substrate by employing 

SILAR method. In SILAR method, water soluble precursors in separate beakers were 

converted into the desired solid substance in a phased manner by a heterogeneous 

chemical reaction at the solid-liquid interface of the substrate. This is followed by 

crystal growth on the substrate. Cu
2+

 and Se
2-

 ions are generated in aqueous solutions 

of CuSO4 and Na2Se due to the dissociation process as 

CuSO4 ↔ Cu
2+

 + SO4
2-

      (4.1) 

Na2Se ↔ 2Na
+
 + Se

2-
       (4.2) 

In SILAR method, preadsorbed Cu
2+

 ions from CuSO4 solution react with Se
2-

 ions 

from Na2Se solution and form CuSe2 as 

Cu
2+

 + 2Se
2-

 → CuSe2      (4.3) 

 

Figure 4.3: a, b) Crystal structure of CuSe2 plotted using VESTA software, c) unit cell 

of CuSe2, d) rGO sheet, e) CuSe2@rGO after first SILAR cycle of deposition, f)  

CuSe2@rGO after multiple SILAR cycles of deposition. 
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The crystal structure of CuSe2 is shown in Figure 4.3a-b. The Cu
2+

 ion is 

surrounded by six Se
2-

 ions. The unit cell of CuSe2 is shown in Figure 4.3c. In 

preparation process of rGO by Hummer‟s method, defects and wrinkles are formed on 

rGO sheets. Such defects and wrinkles act as nucleation sites for crystal growth. The 

rGO nanosheet has a negative charge on itself because of the surface hydroxyl and 

carboxyl group (Figure 4.3d). The introduction of rGO makes the deposition of CuSe2 

easy and speedy. In this reaction, Cu
2+

 ions were adsorbed electrostatically on rGO 

sheets. Then the „oriented attachment‟ can guide crystal growth. The cubic structured 

CuSe2 deposited on rGO nanosheet after single cycle of deposition is shown in Figure 

4.3e. Several repeated cycles create a layered structure of CuSe2 nanoparticles and 

rGO sheets as presented in Figure 4.3f. 

4.3.2 Physico-chemical characterizations of CuSe2 and CuSe2@rGO thin films 

4.3.2.1 XRD studies 

 The XRD patterns of bare CuSe2 (Figure 4.4a) and CuSe2@rGO (Figure 4.4b) 

thin films are used to obtain information on the crystal structures of deposited 

material. The XRD pattern of CuSe2 shows mixed phases of CuSe2, Cu3Se2, and 

elemental Se. The crystallographic planes (001) and (220) are indexed to the standard 

pattern (JCPDS card no. 72-1421) of tetragonal crystal structure of Cu3Se2. The plane 

(001) corresponds to metallic Se (JCPDS card no. 86-2246) which may be present at 

the surface of the film [5, 6]. The sharp peaks corresponding to planes (200), (211), 

and (221) belong to cubic crystal structure of CuSe2 (JCPDS card no. 01-071-0047).  

A similar crystal structure of CuSe2 was synthesized using thermal evaporation 

technique by Helan et al. [7]. 

 

Figure 4.4: The XRD patterns of a) CuSe2 and b) CuSe2@rGO thin films. 
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 The crystallographic planes (001) and (002) correspond to rGO are observed 

in the XRD pattern of CuSe2@rGO thin film. The interplanar distance calculated for 

(001) plane is 0.93 nm. The (002) plane at 2θ= 25.79° confirms formation of rGO [8]. 

The planes (111) and (221) are in good accord with the standard diffraction pattern of 

cubic crystal structure of CuSe2 (JCPDS card no. 01-071-0047). With the composition 

of CuSe2 with rGO, the crystal structure of CuSe2 remains similar but the crystal 

orientation takes place along (221) plane. A crystallographic plane (111) at 2θ= 28.7° 

belongs to tetragonal crystal structure of Cu3Se2. It is noted that the peaks from 

metallic Se disappeared from the diffraction pattern of the composite film indicating 

that, the incorporation of rGO in the copper selenide has an impact on the crystal 

structure and growth mechanism of CuSe2. The peak denoted by * corresponds to SS 

substrate. 

 

Figure 4.5: FT-IR spectra of (i) CuSe2 and (ii) CuSe2@rGO thin films. 

4.3.2.2 FT-IR studies 

The FT-IR spectra of CuSe2 and CuSe2@rGO thin films are shown in Figure 

4.5. For CuSe2 thin film, a broad and weak peak was found in between 3368 cm
-1

 

attributed to O-H stretching. The band located at 1009 cm
-1

 is due to Se-O bond. The 

band at 760 cm
-1

 corresponds to Se-Se bonding and the band for Cu-Se stretching 

vibrations is located at 503 cm
-1

. Compared with CuSe2, In FT-IR spectrum of 

CuSe2@rGO some extra bands located at 2820 cm
-1

 (aromatic sp
2
 C-H stretching), 

1629 cm
-1

 (C=O stretching vibrations) and 1596 cm
-1

 (COO- asymmetric stretching 

vibrations), 1348 cm
-1

 (C-OH vibrations) are observed. The observed bands confirm 

presence of hydroxyl, carboxylic functional groups on the rGO sheet [9-12]. The band 
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located at 1052 cm
-1

 is due to Se-O bond. The bands at 845 and 756 cm
-1

 correspond 

to Se-Se bonding vibrations. The absorption band at 512 cm
-1

 corresponds to Cu-Se 

bond vibrations. The FT-IR study concludes formation of CuSe2 and CuSe2@rGO 

composite thin films. 

4.3.2.3 Raman studies 

 

Figure 4.6: The Raman spectra of a) CuSe2 and b) CuSe2@rGO thin films. 

The Raman spectra of CuSe2 and CuSe2@rGO composite materials are shown 

in Figure 4.6a and b, respectively. The peaks at 187 and 251 cm
-1

 correspond to Cu-Se 

bonding and Se-Se bonding, respectively. The peak at 504 cm
-1

 is the overtone of the 

peak at 251 cm
-1

. In the Raman spectrum of CuSe2@rGO composite thin film, peaks 

at 187 and 251 cm
-1

 indicate vibrations of Cu-Se and Se-Se bonding, respectively. 

Peiris et al. [13] reported Se-Se bond vibrations at 270 cm
-1

. The peaks at 1346, 1597, 

and 2924 cm
-1

 belong to D, G, and 2D bands of rGO, respectively. The relative 

intensity ratio I(D)/I(G) for CuSe2@rGO of 0.88 suggests the formation of few-layer 

rGO in CuSe2@rGO thin film [14, 15]. The relative ratio I(2D)/I(G) (0.76) also 

supports the formation of few layer rGO [16]. The Raman study confirms formation 

of composite material as CuSe2@rGO. 

4.3.2.4 FE-SEM studies 

The FE-SEM images of CuSe2 and CuSe2@rGO electrodes are shown in Figure 

4.7a-f at different magnifications (5,000 X, 25,000 X, and 100,000 X). For CuSe2 thin 

film, at a magnification of 5,000 X (Figure 4.7a) smaller particles are uniformly 

coated on the surface of SS substrate. At the magnification of 10,000 X (Figure 4.7b), 

petal-like particles interconnected to each other are observed. The surface topography 
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of CuSe2 electrode consists of small petal-like particles with an average size of 95 nm 

(Figure 4.7c) are uniformly distributed on the substrate. All these petals are 

interconnected to each other and horizontally aligned on the SS substrate. 

 

Figure 4.7: The FE-SEM images of a-c) CuSe2, and d-f) CuSe2@rGO thin films at 

various (5,000 X, 25,000 X, and 100,000 X) magnifications. 

Interestingly, CuSe2@rGO electrode surface morphology looks very different; 

the surface consists of rGO sheets covered with nanospheres of CuSe2, as shown in 

Figure 4.7d. At higher magnification (Figure 4.7e and f), these spheres consist of 

smaller petal-like particles. In CuSe2@rGO electrode pores are created due to the 

heterogeneous layered structure of rGO sheets. It is seen that the nanostructure of 

CuSe2 is effectively tuned from the dense nano-petals to highly porous architecture 

using rGO sheets. These modulated porous microstructures can promote interaction 

between the electrolyte and the electrodes. The rGO layer deposited on SS affects the 

nucleation, aggregation, and coalescence process which leads to variation in surface 

morphology of CuSe2@rGO from CuSe2. 

4.3.2.5 EDAX studies 

The EDAX spectra for CuSe2 and CuSe2@rGO samples are shown in Figure 

4.8a and b, respectively. The EDAX spectrum confirms presence of Cu and Se in 

CuSe2 thin film. The peaks from Cu, Se, C, and O elements are observed in the 

EDAX spectrum of CuSe2@rGO thin film. The atomic percentages of Cu and Se 

elements in CuSe2 film are 34.9 and 65.1%, respectively. The elemental ratio of 

Cu:Se is 1:1.86. In copper selenide film, Cu and Se are present in the form of Cu3Se2, 

Se, and CuSe2, as observed from the XRD pattern hence atomic ratio deviates from 
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the ideal value (1:2). For CuSe2@rGO film, the atomic percentages of Cu, Se, C, and 

O are 20.33, 43.27, 29.18, 7.20%, respectively. The XRD and EDAX results confirm 

the formation of CuSe2 and CuSe2@rGO composite thin films. 

 

Figure 4.8: EDAX spectra of a) CuSe2 and b) CuSe2@rGO thin films (Insets show 

atomic percentages of elements). 

4.3.2.6 XPS studies 

To identify oxidation states and possible bonding between Cu and Se elements, 

the XPS analysis was carried out and results for CuSe2@rGO film are presented in 

Figure 4.9a. The peaks from Cu, Se, C and O confirm presence of these elements at 

the film surface. The XPS spectrum of Cu2p is shown in Figure 4.9b. The peaks at the 

binding energies 934.1 and 954.5 eVs correspond to Cu2p3/2 and Cu2p1/2 of Cu
2+

, 

respectively. However, two weak satellite peaks at approximately 943.6 and 962.8 eV 

indicate paramagnetic chemical state of Cu
2+

. The peaks at 931.7 and 952.2 eV belong 

to Cu
+1

 and peaks at 941.1 and 961.1 eV are satellite peaks of Cu
+1

 [17, 18]. The high 

resolution spectrum of Se3d is presented in Figure 4.9c. The peaks at binding energies 

of 54.7 and 55.8 eV correspond to Se3d5/2 and Se3d3/2, respectively in CuSe2 confirm 

the presence of Se
-2

 state, which is in agreement with the literature [19, 20]. 

The XPS spectra of C1s from rGO (Figure 4.9d) indicate three components that 

are related to C atoms in different functional groups; the peak at 284 eV indicates 

non-oxygenated (C=C) sp2 hybridized ring of rGO, the peak at 285.9 eV indicates C–

O bond confirming hydroxyl group attached to the rGO sheet, and peak of C (C=O) at 

288.1 eV confirms carboxylic group [21]. 
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Figure 4.9: a) The XPS spectrum of CuSe2@rGO electrode, the XPS spectrum of b) 

Cu2p, c) Se3d, d) C1s, and e) O1s. 

As shown in Figure 4.9e, the atomic percentage of O on the surface of the 

sample is very high, which is attributed to various oxidation states based on the 

differences in the position and shape of O1s peaks. The O1s signal of CuSe2@rGO 

could be deconvolved into three Gaussian peaks. The peak at binding energy 531.9 

eV is attributed to lattice oxygen confirms the formation of O-C bond, and the other 

two peaks at 532.8 eV and 530.7 eV are attributed to nonlattice oxygen from the 

carboxyl group and hydroxyl group, respectively [22, 23]. The XPS study lights up 
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the possible presence of Cu=Se, Se=O, C=O, O-Cu, Cu=C C=C, and C-C=O(OH) 

bonds in a composite CuSe2@rGO thin film. 

4.3.2.7 Contact angle studies 

 

Figure 4.10: Water contact angle photographs of a) CuSe2 and b) CuSe2@rGO thin 

films. 

The wettability of the electrolyte on the surface of the electrode has been 

regarded as an important issue to raise the effective surface area and to improve Cs. 

The contact angle images of CuSe2 and CuSe2@rGO (Figure 4.10) show the values as 

83.8° and 37.4°, respectively. The contact angle depends on chemical and physical 

factors. The particle shape, particle size, purity, roughness, and cleanliness of the 

surface, and heterogeneity affect the contact angle. With the introduction of rGO, the 

change in surface topography (as observed in FE-SEM) affects the wettability of the 

electrodes. The presence of hydroxyl and carboxylic groups in the CuSe2@rGO film 

electrode results in a decrease in smaller contact angle. The hydrophilic samples can 

create good contact with the aqueous electrolyte which may result in least Rct and 

improvement in SP of SCs [24].  

4.3.2.8 BET and BJH studies 

It is well known that as specific surface area of the electrode material raises the 

charge accumulation on the electrode surges in proportion. The specific surface area 

and average pore size distribution of materials scratched from the corresponding 

electrodes were measured by N2 sorption isotherms. CuSe2 and CuSe2@rGO 

electrodes exhibit type IV isotherms having an H3-type hysteresis curve in the range 

of 0.45 to 1.0 of relative pressure as shown in Figures 4.11a and b, indicating 

presence of meso and micropores [25]. 
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Figure 4.11: N2 adsorption graphs of a) CuSe2, and b) CuSe2@rGO and pore size 

distribution of c) CuSe2, and d) CuSe2@rGO samples. 

The average pore diameter of the electrodes was analyzed by Barett-Joyner-

Halend (BJH) method and results are provided in Figures 4.11c and d. The BET 

specific surface areas of CuSe2 and CuSe2@rGO samples are found to be 24 m
2
 g

-1
 

and 84 m
2
 g

-1
, respectively. These results indicate that the composition of 

pseudocapacitive material with rGO sheets enhances the specific surface area. The 

observed average pore diameter for CuSe2 is 32 nm and for CuSe2@rGO sample 13 

nm. The average pore diameter is decreased after composition. The decrease in 

average pore size for CuSe2@rGO may cause in the rise of specific capacitance 

compared to CuSe2 [26]. From the XRD, SEM, and BET studies, it is observed that 

the incorporation of rGO with copper selenide film affects structural and 

topographical properties. 

4.3.3 Electrochemical characterizations of CuSe2 and CuSe2@rGO thin films 

4.3.3.1 CV studies 
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Figure 4.12: a) Comparative CV curves of CuSe2, CuSe2@rGO, and rGO at a scan 

rate of 20 mV s
-1

, the CV curves of b) CuSe2, and c) CuSe2@rGO at various scan 

rates from 2-20 mV s
-1

, and d) variation of Cs with the scan rate for CuSe2 and 

CuSe2@rGO thin film electrodes. 

To figure out the effect of composition of CuSe2 with rGO on the 

electrochemical charge storage performance of electrodes, CV curves of CuSe2 and 

CuSe2@rGO were measured in 1 M KOH electrolyte using half cell (three electrodes) 

system. The comparative CV curves of CuSe2, CuSe2@rGO and rGO thin films at a 

scan rate of 20 mV s
-1

 is shown in Figure 4.12a. The current response for the rGO thin 

films is very low compared CuSe2 and CuSe2@rGO thin films. With introduction of 

rGO in CuSe2, an improvement in the electrochemical properties is observed from the 

CV curves (Figure 4.12a). The CV curves of CuSe2 thin film electrode at scan rates 

between 2 to 20 mV s
-1

 are shown in Figure 4.12b and that of CuSe2@rGO in Figure 

4.12c. For composite electrode, shape of CV curves changes to near rectangle due to 

the presence of rGO as confirmed by XRD, EDAX, and XPS studies. Change in CV 

curves with rGO indicates difference in the charge storage mechanism. Shape of CV 

curves indicates transformation in charge storage mechanism from intercalation 

pseudocapacitor to surface redox pseudocapacitor [27, 28]. The values of Cs for 
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CuSe2 and CuSe2@rGO are 400 and 612 F g
-1

, respectively at the scan rate of 2 mV s
-

1
. As the scan rate increases, Cs decreased due to time constraint at a higher scan rate 

for reversible redox reactions. The variation in Cs with the scan rate is shown in 

Figure 4.12d. 

 

Figure 4.13: a) Plots of log I verses log ʋ, b) plots of I/ʋ
1/2

 verses ʋ
1/2

 of CuSe2, and 

CuSe2@rGO thin film electrodes, and calculated charge storage by capacitive and 

diffusion processes for d) CuSe2, and e) CuSe2@rGO thin film electrodes. 

The charge storage process is controlled by two kinds of mechanisms, the 

capacitive (charge storage on the outer surface) process and the diffusion controlled 
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(charge storage inside bulk electrode) process [29, 30]. The peak current (Ip) obtained 

in CV curves is related to potential scan rate (ʋ) according to the Eq. 3.2. The actual 

contribution of both processes can be separated using Eq. 3.3. The estimated value of 

constant b from plot of log I versus log ʋ (Figure 4.13a) is 0.73 for CuSe2 and changes 

to 0.89 for CuSe2@rGO film electrode. Such deviation in b value indicates a rise in 

charge storage through a capacitive controlled process. These are expected results as 

depicted in the change in topography observed through FE-SEM images and rise in 

specific surface area of CuSe2@rGO compared to CuSe2 thin film electrode. This 

indicates that the composition of rGO with CuSe2 facilitates more active sites to 

electrolyte ions for reversible electrochemical reactions [31]. In Figures 4.13b and c, 

the graphs of I/ʋ
1/2

 verses ʋ
1/2

 for the cathodic current at potential of 0.4 V vs. 

Hg/HgO give values of constants k1 (slope) and k2 (y-axis intercept) for CuSe2 and 

CuSe2@rGO thin film electrodes, respectively. 

The specific current contribution from capacitive and diffusive processes 

calculated from Eq. 3.3 is presented in Figures 4.13d and e for both electrodes. For 

CuSe2 electrode, the charge storage through the diffusion process is higher, about 

66% of the total current due to diffusion process at the scan rate of 20 mV s
-1

. On the 

other hand, for CuSe2@rGO composite electrode, the value of the current due to 

diffusion process is approximately 20% at scan rate of 20 mV s
-1

. This interprets that, 

for CuSe2@rGO electrode the current contribution through diffusion process 

decreased as compared to CuSe2 electrode at the same scan rate and the most current 

contribution is the result of the capacitive controlled process. The analysis of the CV 

study using power law shows that charge storage in CuSe2 electrode is more diffusion 

controlled than CuSe2@rGO electrode [32]. 

4.3.3.2 GCD studies 

The GCD curves of CuSe2 and CuSe2@rGO are shown in Figures 4.14a and b, 

respectively. The GCD curves show transformation of charge storage mechanism due 

to the composition of CuSe2 with rGO. The Cs values from GCD plots are 404 and 

471 F g
-1

 at the current density of 2 A g
-1

 for CuSe2 and CuSe2@rGO, respectively. 

Variation of Cs with the applied current density is shown in Figure 4.14c. As Cs 

decreases with the increasing scan rate, in the same way, it decreases with the rising 

current density. From the CV and GCD studies, it is concluded that the charge storage 
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for CuSe2@rGO electrode is mainly attributed to surface faradaic charge transfers as a 

result of the insertion of electrolyte ions into layer structured CuSe2@rGO electrode 

[33]. 

 

Figure 4.14: The GCD curves of a) CuSe2, b) CuSe2@rGO at different current 

densities from 2-6 A g
-1

, and c) variation of Cs with charge-discharge current density. 

4.3.3.3 EIS studies 

The Nyquist plots of CuSe2 and CuSe2@rGO electrodes are shown in Figure 

4.15a. The sections of Nyquist plots at a higher frequency are shown in inset of Figure 

4.15a. The Rs given by intercept of Nyquist plot on real axis is 1.39 and 0.83 Ω cm
-2

 

for CuSe2 and CuSe2@rGO electrodes, respectively. The decrease in Rs is due to 

better contact of electrolyte with CuSe2@rGO electrode due to various functional 

groups attached to rGO sheets [34, 35]. Furthermore, the reduction in diameter of 

semicircle arose at middle frequencies of Nyquist plot suggests a decrease in Rct. The 

lower value of Rct (1.50 Ω cm
-2

) for CuSe2@rGO electrode compared to that of CuSe2 

(3.50 Ω cm
-2

) suggests that CuSe2@rGO electrode provides good conductivity in 1 M 

KOH aqueous electrolyte. The low Rs and Rct values for CuSe2 and CuSe2@rGO 

electrodes may be due to binder free synthesis and better electron transferability from 
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electrolyte to electrode and reciprocally. The electrolytic ion diffusion in the active 

material is responsible for the straight line in the low frequency region and it 

corresponds to W. The EIS data reveals that CuSe2@rGO film electrode has lower 

resistance and better electrochemical performance. This proves that resistive 

parameters of electrodes are modified due to lateral paths provided by rGO in 

CuSe2@rGO composite electrode [36]. 

The fitted equivalent circuit from the EIS data of both film electrodes is shown 

in Figure 4.15b. The circuit consists of Rs, Rct, W, and Cdl. The values of each fitted 

circuit parameter are tabulated in Table 4.1. 

 

Figure 4.15: a) Nyquist plots of i) CuSe2 and ii) CuSe2@rGO thin film electrodes 

(Inset shows magnified Nyquist plots in higher frequency region), and b) the fitted 

equivalent circuit from the EIS data. 

Table 4.1: Electrochemical impedance fitted circuit parameters for Nyquist plots of 

CuSe2 and CuSe2@rGO thin film electrodes. 

Sample Rs (Ω cm
-2

) Rct (Ω cm
-2

) Cdl (mF) W (Ω) 

CuSe2 1.39 3.50 0.68 1.04 

CuSe2@rGO 0.83 1.50 0.73 0.57 

 

4.3.3.4 Stability studies 

The electrochemical stability of electrode material is one of the decisive 

parameters to determine applicability of synthesized thin film electrode for SC device 

fabrication [37, 38]. The GCD studies at a current density of 6 A g
-1

 were carried out 

to examine electrochemical stability of both electrodes for 10,000 cycles. The 

retention of Cs for CuSe2 and CuSe2@rGO electrodes for 10,000 GCD cycles are 
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shown in Figure 4.16. In comparison, CuSe2@rGO (78%) electrode exhibits better 

electrochemical stability than CuSe2 (57%). CuSe2@rGO thin film electrode shows 

improved cycling stability as compared to CuSe2 thin film electrode as rGO sheets 

assist rapid electron mobility in CuSe2@rGO composite to accelerate the reversible 

electrochemical redox reactions. Increased electrical conductivity also results in 

improved stability of the composite electrode material [39]. 

 

Figure 4.16: Stability curves of i) CuSe2 and ii) CuSe2@rGO thin film electrodes. 

4.4 Conclusions 

In summary, CuSe2@rGO composite thin film electrode was prepared on a 

flexible SS substrate using SILAR method at room temperature and implemented as 

an anode material for supercapacitive charge storage. This study concludes that the 

binder less composition of CuSe2 with rGO affects the structural, morphological, and 

electrochemical properties of CuSe2. The composite CuSe2@rGO electrode exhibited 

an excellent specific surface area of 84 m
2
 g

-1
 compared to that of 24 m

2
 g

-1
 for bare 

CuSe2. The Cs of CuSe2 and CuSe2@rGO films were 400 and 612 F g
-1

, respectively 

at the scan rate of 2 mV s
-1

. The stability of the composite electrode (78%) was more 

than that of the bare electrode (57%) after 10,000 GCD cycles. Based on the 

experimental results, preparing a composite material via SILAR method is an 

auspicious strategy to enhance specific surface area and electrochemical performance 

of the electrode for SC applications. 
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5.1 Introduction 

A simple assembly of SC consists of two electrodes (anode and cathode) 

separated by an electrolyte (aqueous or organic) and a separator that permits transfer 

of ions while keeping electrodes electrically insulated from each other [1, 2]. There 

are two types of SCs based on configuration, one such simple design is SSCs, which, 

consist of two similar electrodes. Another configuration made of two dissimilar 

electrodes is ASCs. The working voltage of SCs depends on the thermodynamic 

breakdown potential of water molecules when aqueous electrolytes are used. In 

comparison between SSC and ASC, due to the advantages of different work functions 

and potential windows of electrode materials, the operating potential of SSCs is lower 

than ASCs [3, 4].  

Recently, different electrode materials have been used as a counterpart to 

fabricate ASCs. Carbon allotropes like AC, graphene, CNTs are the most used 

materials for this purpose [5, 6].  High electrical conductivity, high surface area, easy 

to modulate surface texture, and abundance make them favorable for this purpose. 

Some of the best examples of the ASCs consisting of one of the carbon electrodes are 

AC//PPy/MnO2 [7], CNT-G//Mn3O4-G [8], and CNT//CNT@MnO2 [9]. But, the 

restacking of graphene sheets and aggregation of CNTs as well as AC are the 

problems faced while using the carbon allotropes as an electrode material. The low 

specific capacitance is another issue for the graphene based electrodes, which 

obstructs its practical applications. To overcome these issues, in recent times, ASCs 

consisting of two pseudocapacitive electrodes have been fabricated and evaluated for 

electrochemical performance. Fe2O3/CF//α-MnO2/CF [10], Fe2O3//CuO [11], 

MnO2//CoSe [12] are some of the representative examples of ASCs utilizing 

pseudocapacitive or battery type material as both electrodes. 

Manganese dioxide (MnO2) is a largely explored transition metal oxide for its 

pseudocapacitive nature in different electrolytes due to its better electrochemical 

properties such as high theoretical capacitance of about 1370 F g
-1

, environment 

friendly nature, low cost, and simple processing [13-15]. The structure of birnessite 

MnO2 features a layered structure composed of edge-sharing MnO6 octahedra and can 

incorporate various types of cations and molecules within its interlayer spacing. The 

fabrication of nanocrystalline and mesoporous MnO2 directly on the current collector 

by various methods is a new concept [16]. The deposition of MnO2 have been 

previously reported using various methods such as SILAR [17], electrodeposition 
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[18], spray pyrolysis [19], CBD [20], atomic layer deposition [21], etc., to overcome 

the problem of dead volume generated by the use of less conductive binder and 

substantially improve electroactive sites while reducing Rct. To prepare a binder less 

MnO2 electrode, CBD is one of the best choice due to its simplilicity and cost 

effectiveness. Adherent, uniform, and large area deposition is possible using this 

method. Therefore, CBD is used to prepare large scale deposition of different 

inorganic materials with diverse surface morphologies and architectures [22]. 

The MnO2 stores charges through the surface or bulk redox reactions in 

between Mn
4+

 and Mn
3+

 oxidation states of Mn. The charge storage mechanism of 

MnO2 has been extensively investigated in aqueous electrolytes, and two mechanisms 

have been proposed [23]. The charge storage reaction mechanism can be written as,  

MnO2 + H
+
 + e

-
 ↔ MnOOH      (5.1) 

The second mechanism involves the surface adsorption of cations on MnO2: 

MnO2 + xA
+
 + xe

-
 ↔ AxMnO2     (5.2) 

In the above reaction mechanisms, H
+
 implies proton involved in the 

interaction process, the symbol A denotes an alkali metal cation e.g. Na
+
, Li

+
, and K

+
 

[24]. 

Few metal sulfides have negative potential window such as copper sulfide 

(CuS) [25] and molybdenum sulfide (MoS) [26] with greater electrochemical 

performance as compared to carbon based materials. A combination of MnO2 thin 

film as a cathode and CuS@rGO thin film electrode as an anode will ensure one, of 

getting enhanced electrochemical performance in terms of Cs, SE, SP, and cycling 

stability of ASC device. So, the combination of CuS@rGO electrode with MnO2 

could become a promising approach to enhance SE of FSS‒ASCs device. This section 

deals with the synthesis, characterization, and electrochemical performance evaluation 

of MnO2 thin film electrode deposited by CBD method. 

5.2. Experimental details 

5.2.1. Chemicals 

The AR grade potassium permanganate (KMnO4), methanol (CH3OH), and 

lithium perchlorate (LiClO4) were purchased from Thomas Baker Chemicals Pvt. 

Ltd., India, and used without further purification. Flexible SS substrate of thickness 

0.03 mm was used for film deposition. The DDW was used as a solvent throughout 

the experiment.  

5.2.2 Synthesis of MnO2 thin films 
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 The deposition of MnO2 thin film on SS substrate was carried out using CBD 

method. For this purpose, KMnO4 was used as a source of manganese. 50 mL, 0.02 M 

KMnO4, and 10 mL CH3OH solutions were mixed under constant stirring for 15 

minutes. The solution was kept at room temperature (300 K) throughout the 

deposition. The clean SS substrates were immersed vertically in it. The deposition 

time, concentration of reactants, and pH of the solution are crucial parameters in the 

CBD deposition method. In this study, the concentration and deposition time were 

optimized to get adherent and uniform thin film. The deposition of MnO2 thin films 

was carried out for 6 h. After 6 h, dark brown colored thin films of MnO2 were 

deposited on SS substrate. The reaction mechanism of MnO2 formation is as follows, 

KMnO4 + CH3OH → 2MnO2 + 2KOH + H2O + CO2   (5.3) 

The thickness of MnO2 thin film was calculated by the gravimetric weight 

difference method, assuming the density of the prepared material equal to the bulk 

density of MnO2 (5.03 g cm
-
³). For this purpose, analytical balance from Contech 

Instruments Ltd. (Modal CAL-35) with the least count of 0.00001 g was used. The 

thickness of MnO2 thin film found to be 0.25 µm. 

5.3 Material characterization 

5.3.1 Physico-chemical characterizations 

All physico-chemical characterizations of MnO2 thin films were performed 

similarly to that of CuS thin films, mentioned in section 3.3.1. 

5.3.2 Electrochemical characterizations 

The three electrode system was used for the investigation of the 

electrochemical properties. The electrochemical setup consists of MnO2 thin film as a 

working electrode, SCE, and Pt sheet as a reference and counter electrodes, 

respectively. All the electrochemical measurements were carried out in a 1 M LiClO4 

aqueous electrolyte. The unit (1 cm
2
) area of the working electrode was exposed to 

the electrolyte. The CV, GCD, and EIS measurements were carried out using an 

electrochemical workstation (ZIVE MP1). The supercapacitive behavior of electrodes 

was evaluated in terms of Cs, electrochemical stability, Rs, and Rct. The optimized 

potential window of 0 to 1 V/SCE was used to evaluate all the electrochemical 

parameters. The CV analysis was carried out at different scan rates in between 5 mV 

s
-1

 to 100 mV s
-1

. The Eq. 2.10 was used to calculate the Cs of electrode material from 

CV studies. The GCD analysis of MnO2 thin film electrode was performed at various 

current densities. The values of Cs from GCD curves were calculated using Eq. 2.12. 
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The EIS study was performed in the frequency range of 0.1 Hz and 0.1 MHz at an 

amplitude of 5 mV and open circuit bias potential. The electrochemical equivalent 

circuit for measured EIS data was obtained through The Zview software. 

Electrochemical cyclic stability of MnO2 thin film was evaluated by performing 5000 

CV cycles at the scan rate of 50 mV s
-1

. 

5.4. Results and discussion 

5.4A Physico-chemical characterizations 

5.4A.1 XRD study 

The charge storage characteristics of MnO2 are strongly influenced by its 

crystallographic structures and crystallinity. The XRD pattern of MnO2 thin film 

electrode is shown in Figure 5.1a. The MnO2 thin film shows small peaks 

corresponding to crystallographic planes (101), (111), and (312) of δ phase of MnO2, 

respectively.The peak positions and intensities are well matched with JCPDS card no. 

00-44-0141. The diffraction peaks from SS were denoted by sign *; confirm the 

nanocrystalline nature of the film [27, 28]. This nature of the thin film is beneficial to 

enhance electrochemical activities because more active sites will be available due to 

irregular arrangement of the particles and as it enables easy and fast 

intercalation/deintercalation of electrolyte ion in the interior of the electrode material 

[29, 30]. 

5.4A.2 FT-IR study 

The FT-IR spectrum of MnO2 film displayed in Figure 5.1b shows a broad 

absorption band in between 3100 to 3450 cm
-1

 corresponding to the stretching 

vibrations of hydroxyl (-OH) group from adsorbed water [31]. The absorption band at 

1590 cm
-1

 corresponds to the bending modes of -OH of adsorbed water molecules. 

The bands at 1417 cm
-1

, 1072 cm
-1

 match with C=O vibrations, and the absorption 

band at 540 cm
-1

 represents Mn-O vibrations in MnO2 [32]. 

5.4A.3 Raman study 

To identify nanocrystalline nature of MnO2 thin film, Raman spectroscopy 

was used and the Raman spectrum of MnO2 film is presented in Figure 5.1c. Broad 

peaks confirm the nanocrystalline nature of the films. The Raman spectrum of MnO2 

shows three broad and distinct peaks at 504, 577, and 643 cm
-1

. The first two peaks 

correspond to Mn-O-Mn deformation mode and the latter to Mn-O stretching mode 

[33, 34]. 
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Figure 5.1: a) The XRD pattern, b) FT-IR spectrum, c) Raman spectrum, and d) 

EDAX spectrum of MnO2 thin film (Inset shows atomic percentage of constituent 

elements). 

5.4A.4 EDAX study 

The EDAX spectrum acts as a supplementary characterization of XRD 

analysis in the identification of the material. The EDAX spectrum of MnO2 thin film 

is shown in Figure 5.1d. The atomic ratio of elements Mn:O is 1:2.02 which is very 

much closer to the ideal value of Mn:O ratio (1:2) in MnO2. From the EDAX 

spectrum, the stoichiometric formation of MnO2 thin film was confirmed. 

5.4A.5 FE-SEM study 

The surface topography of MnO2 thin film observed by FE-SEM at the 

magnifications of 10,000 X and 70,000 X are shown in Figure 5.2a and b, 

respectively; which reveal formation of irregularly packed nanospheres. The random 

arrangement of particles is attributed to the higher reaction rate in the alkaline bath in 

which nucleation and grain growth take place simultaneously. 
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Figure 5.2: The FE-SEM images at a) 10,000 X, and b) 70,000 X magnifications, c) 

contact angle photograph, and d) N2 sorption curves of MnO2 film (Inset shows pore 

size distribution curve). 

5.4A.6 Contact angle study  

 Figure 5.2c shows photograph of water contact angle of MnO2 thin film. The 

value of contact angle (39°) indicates hydrophilic nature of MnO2 film. This type of 

surface helps in reducing resistance in the electrochemical reactions. 

5.4A.7 BET and BJH study 

The specific surface area of MnO2 material was measured by N2 sorption and 

the obtained isotherm is shown in Figure 5.2d. The physical adsorption isotherm of 

MnO2 is of type IV which often attributed to the mesoporosity and high energy of 

adsorptions [35]. The hysteresis of adsorption and desorption can be classified as H2 

hysteresis loop [36]. Such a type of hysteresis loop is the characteristic of the 

formation of pores with narrow and wide sections and possible interconnecting 

channels. The specific surface area of MnO2 is 140.5 cm
2
 g

-1
. The inset image of 

Figure 5.2d presents the pore size distribution of MnO2 with an average pore radius of 

27.8 nm. Small average pore size is achieved due to the restricted process of material 

growth on SS substrate. 
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5.4B Electrochemical characterizations 

5.4B.1 CV study 

The electrochemical properties of MnO2 thin film were evaluated in 1 M 

LiClO4 electrolyte using three electrode system comprised of the reference electrode 

(SCE), counter (Pt), and working (MnO2) electrode. The CV curves at different scan 

rates ranging between 5 to 100 mV s
-1

 are shown in Figure 5.3a. The values of Cs as 

702, 688, 636, 548, and 493 F g
-1

 correspond to the scan rates of 5, 10, 20, 50, and 

100 mV s
-1

, respectively. The reaction mechanism of charge storage could be written 

as,  

MnO2 + xLi
+
 + xe

-
 ↔ LixMnO2     (5.4) 

The variation of Cs with the scan rate is shown in Figure 5.3b. At higher scan 

rates, the time available for Faradaic reactions is limited; hence overall charge stored 

at the electrode surface is less causing lower Cs [37, 38]. 

5.4B.2 GCD study 

 The GCD curves of MnO2 thin film are shown in Figure 5.3c at the current 

densities of 1, 0.5, and 0.25 A g
-1

. The triangular shape of GCD curves closely 

resembling to those of carbon based materials, is the signature of the surface redox 

pseudocapacitor nature of electrode material which stores charges at the interface of 

electrode/electrolyte rather than intercalation of the ions inside the electrode material. 

The charge stored on the electrode is linearly dependent on the applied potential [39]. 

The values of Cs of MnO2 thin film electrode varied from 688 to 490 F g
-1

 as the 

current density varies from 1 to 0.25 A g
-1

.  

5.4B.3 EIS study  

The EIS study was carried out to find out the resistive behavior of MnO2 film 

electrode in the frequency range of 0.01 Hz to 0.1 MHz at the potential amplitude of 5 

mV. The Nyquist plot of MnO2 film electrode shown in Figure 5.3d is composed of a 

small semicircle at higher frequencies and a straight line in the lower frequency 

region. The intercept of the observed plot with the abscissa gives a value of Rs and the 

radius of the subsequent circle provides a value of the Rct [40]. In case of MnO2, the 

observed values of Rs (1.94 Ω cm
-2

) is independent of the potential applied, as it is 

related to the formation of a fine layer on the surface of the electrode by the 

electrolyte ions. The semicircle in high and medium frequency regions can be fitted 

using an equivalent circuit (inset of Figure 5.3d) which is composed of parallel 

resistances (Rs and Rct) and imperfect capacitor (Q, when n=1 Q=C) [41, 42]. The 
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value of Rct is 5.81 Ω cm
-2

. The linear part of the Nyquist plot in the lower frequency 

range, inclining with the real axis of the impedance corresponds to W. The value of W 

(0.89 Ω) is related to the diffusion of electrolyte ions inside the pores on the surface of 

the electrode [43]. 

 

Figure 5.3: a) The CV curves, b) variation of the Cs with the scan rate, c) GCD plots, 

and d) Nyquist plot (Inset shows fitted equivalent circuit for the EIS data) of MnO2 

thin film electrode. 

5.4B.4 Stability study 

The electrochemical stability of electrode material plays an important role in 

deciding the life span of SC devices. With the increased durability of SCs, the cost of 

maintenance of any system utilizing SCs as an energy storage device will be reduced 

substantially [44]. The stability of the electroactive material depends on the number of 

things such as material composition/chemistry, applied potential window, charging-

discharging current density, type and concentration of electrolyte [45]. To evaluate 

electrochemical stability of MnO2 thin film electrode, 5000 CV cycles were 

performed at a scan rate of 50 mV s
-1

. The retention of 93% is observed for MnO2 thin 

film electrode (Figure 5.4). The inset image shows 2
nd

 and 5000
th

 cycles of the CV. 
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Figure 5.4: Capacitance retention of MnO2 thin film electrode (Inset shows CV curves 

of 2
nd

 and 5000
th

 cycles). 

5.5 Conclusions 

In summary, the nanocrystalline MnO2 thin films are successfully prepared on 

SS substrate using CBD method at room temperature. The surface texture of thin film 

was composed of a cluster of nanospheres, possessing a specific surface area of 140.5 

cm
2
 g

-1
 and an average pore radius of 27.8 nm. The mesoporous surface showed a 

hydrophilic nature. In addition to this, MnO2 thin film exhibited Cs of 702 F g
-1

 at a 

scan rate of 5 mV s
-1

. Lower resistive parameters such as Rs (1.94 Ω cm
-2

) and Rct 

(1.94 Ω cm
-2

) as well as capacitive retention of 93% after 5000 CV cycles of MnO2 

thin film electrode are ascribed to its nanostructured morphology consisting of 

nanospheres provides easy access for electrolyte ions. The present strategy provides a 

new opportunity for promoting further development of SCs by enhancing the 

involvement of the nanocrystalline and mesoporous materials. As the CBD method is 

useful for large scale deposition, it can be scaled up for the large scale production of 

MnO2 films. 
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6.1 Introduction: 

The portable and small size SCs are required in the fabrication of recent 

energy storage devices [1, 2]. The mechanical flexibility, lightweight, inexpensive, 

and environment friendly energy storage of SCs provides uses in portable, wearable, 

and commercialized pocket electronic devices [3, 4]. There is a need to increase SE 

and SP of energy storage devices using different electrode materials and electrolytes. 

The asymmetric design of SC is an effective method to enhance the operating voltage 

of the device [5]. The SE and Cs of ASCs are higher as compared to the SSCs [6-9]. 

Various combinations of the anode and cathode have been reported in literature as, 

MnO2//Fe3O4 [10], CoMoO4//MnO2 [11], FeWO4//MnO2 [12], NiO//α‒Fe2O3 [13], 

NiO and NiCo2O4 [14]. The solid electrolyte based SC holds many advantages such as 

small size, lightweight, excellent reliability, and a wider range of operating 

temperature. The polymer based gel electrolytes offer mechanical flexibility to the SC 

devices [15, 16]. 

The transition metal based electrode chalcogenides such as copper sulfide and 

copper selenide can be operated in the wide potential window. Therefore, the 

combination of polymeric gel electrolytes with these electrode materials will be a 

good contribution to the FSC devices. The MnO2 holds great attention as a positive 

electrode to fabricate the FSS‒ASCs device due to higher Cs and operating voltage as 

compared to carbon based materials. In addition, the low cost, large abundance, 

higher conductive and nontoxic nature of copper based chalcogenides makes them 

possible to develop the FSS‒ASCs devices [17-19]. 

In this chapter, FSS‒ASC device is fabricated using MnO2 thin film as an anode 

and CuS@rGO thin film as a cathode with ionically conducting PVA‒LiClO4 gel as 

an electrolyte as well as a separator. Another FSS-ASC device is fabricated using 

CuSe2@rGO as an anode and CuS as a cathode with PVA-KOH as an electrolyte. 

This chapter deals with the fabrication and electrochemical performance evaluation of 

FSS‒ASCs devices with configuration MnO2//CuS@rGO and CuSe2@rGO//CuS. 

6.2 Experimental details 

6.2.1 Introduction 

The present section describes the electrode preparation (MnO2 and CuS@rGO, 

CuSe2@rGO, and CuS), polymer gel electrolytes (PVA-LiClO4 and PVA-KOH) 
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preparation and fabrication of MnO2//CuS@rGO and CuSe2@rGO//CuS FSS-ASCs 

devices. 

6.2.2 Electrode preparation 

The CBD method was employed to prepare MnO2 thin films and SILAR 

method to prepare CuS, CuS@rGO, and CuSe2@rGO thin films on flexible SS 

substrates. The optimized preparative parameters of CuS, CuS@rGO, and MnO2 thin 

film electrodes are described in chapters III and V, respectively, and that of 

CuSe2@rGO in chapter IV. 

6.2.3 Preparation of polymer gel electrolytes 

To fabricate FSS-ASCs device, water soluble PVA polymer was selected to 

prepare gel electrolyte using salt of LiClO4 and KOH. The optimized amount (6 g ) of 

PVA was separately dissolved in 60 mL DDW at a temperature of 343 K under 

vigorous stirring. The solution was continuously stirred until the polymer dissolved in 

water to form a clear solution. Further, 25 mL of 1 M LiClO4 solution was added to 

the prepared polymer matrix and stirred for 1 h to get a transparent viscous gel like 

solution [20]. This viscous solution was used as a gel electrolyte to fabricate 

MnO2//CuS@rGO FSS-ASCs device. A similar process is followed to prepare PVA-

KOH gel electrolyte. 

6.2.4 Fabrication of FSS‒ASCs devices 

The FSS‒ASCs device was fabricated using MnO2 (anode) and CuS@rGO 

(cathode) flexible electrodes. The electrodes of size 5 × 5 cm
2
 were used and edges of 

electrodes were sealed with plastic tape to avoid short circuit. The polymer gel 

electrolyte was painted on each electrode and dried at room temperature. After drying 

one more time polymer gel electrolyte was painted on electrodes for proper contact 

between electrode and electrolyte. Then electrodes were packed together using 

transparent plastic strips to avoid leakage. Thereafter, whole device was placed in a 

hydraulic press with a pressure of 1 ton for 6 h. A similar process was followed to 

assemble CuSe2@rGO//CuS ASC device. 

6.2.5 Electrochemical characterization of FSS-ASC devices 
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To optimize operating voltage of FSS-ASC devices, CV and GCD studies of 

ASC devices were carried out at various scan rates and current densities, respectively. 

The SE (Wh kg
−1

) and SP (W kg
−1

) of ASC device were calculated from Eq.1.2 and 

1.3, respectively. To evaluate flexible nature of ASC device, CV curves were repeated 

at different bending positions. The stability study of ASC devices performed for 5000 

cycles using GCD technique. 

6.3. Results and discussion 

6.3A Electrochemical studies of MnO2//CuS@rGO FSS-ASC device 

To explore the application of CuS@rGO thin films in SC, the ASC device was 

fabricated using CuS@rGO and MnO2 thin film as electrodes and PVA-LiClO4 gel as 

an electrolyte. The final working voltage was decided from the CV curves taken at 

different working voltages ranging from 0 to +1.6 V at the scan rate of 100 mV s
-1

 as 

shown in Figure 6.1a. At a working voltage of +1.6 V, the device shows greater area 

enclosed by CV curve resulting in a possible enhancement in SE and SP. The GCD 

curves at a applied current of 5 A g
-1

 having a different working voltages are 

presented in Figure 6.1b. The maximum possible working voltage for water based 

electrolyte depends on electrode materials [21]. So, from analysis of CV and GCD 

curves, a suitable working voltage of +1.6 V was decided and further electrochemical 

characterizations were carried out in that working voltage (0 to +1.6 V). 

The CV curves at different scan rates ranging from 5 to 100 mV s
-1

 is shown in 

Figure 6.1c. The values of Cs are 109.3, 103.7, 98.4, 92.1, and 80.3 F g
-1

, at scan rates 

5, 10, 20, 50, and 100 mV s
-1

, respectively. The GCD curves at different current 

densities ranging from 2 to 5 A g
-1

 presented in Figure 6.1d suggest the possible 

versatile applications of the fabricated MnO2//CuS@rGO device. The values of Cs are 

102.9, 96.8, 89.1, and 81.5 F g
-1

 at current densities 2, 3, 4, and 5 A g
-1

, respectively. 
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Figure 6.1: a) The CV curves, b) the GCD curves at different voltage ranges (0 V to 

1.6 V), c) the CV curves at various scan rates, and d) the GCD curves at various 

current densities of MnO2//CuS@rGO ASC device. 

 

Figure 6.2: Variation of specific capacitance with a) the scan rate and b) the current 

density. 

The Cs of device declines with the rise in scan rate as presented in Figure 6.2a 

due to time constraints for the interaction of electrolyte ions with the active sites of 

the respective electrodes at the higher scan rates [22]. The unchanged shape of CV 

curves indicates the sustainability of device against higher current ratings. The 

variation of Cs with the current density is shown in Figure 6.2b. The rate capacity of 

ASC device at a current of 5 A g
-1

 is 73%. The excellent rate capacity indicates 
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synergistic effect of layered structure of faradic rGO and pseudocapacitive CuS 

nanoparticles. 

The values of SE and SP are 40.5 W kg
-1

 and 1087 Wh kg
-1

, respectively. 

Variation of SE with SP is shown in Ragone plot  (Figure 6.3a). The mechanical 

flexibility of the ASC without losing its electrochemical performance is significantly 

important for the relevance of device in different portable electronic appliances. 

Therefore, CV measurements of MnO2//CuS@rGO device were performed  at 

different bending angles at a scan rate of 100 mV s
-1

. The small increase in Cs at the 

bending angle of 30° may be due to compression-decompression of porous 

CuS@rGO electrodes. Figure 6.3b shows the percent Cs retention versus bending 

angle and it is observed that the device retains 90% of initial Cs even at the twisting of 

the device at an angle of 165º. 

 

Figure 6.3: a) Ragone plot, and b) change in specific capacitance with different 

bending angles of MnO2//CuS@rGO ASC device. 

 The resistive characteristics of MnO2//CuS@rGO device were evaluated by 

EIS measurement in the frequency range of 0.01 Hz to 0.1 MHz. The Nyquist plot of 

the device is shown in Figure 6.4a (Inset shows an equivalent circuit of fitted 

impedance data). The Rs and Rct of the device are 0.24 Ω and 2 Ω, respectively. At 

low frequencies, the straight line with 45° angle indicates W caused by the diffusion 

of the electrolyte in the bulk of the electrode, the value of W is 30 Ω [23, 24]. Figure 

6.4b shows variation of phase angle with the frequency. The relaxation time constant 

(τo=1/fo) is estimated to be 0.83 s; where, fo is the frequency at which phase angle is 

45°. The lower relaxation time promotes fast ions transport rate to the interior of 

electrode material; which may enhance GCD efficiency of the device. This suggests 

the efficient nature of FSS-ASC device towards various applications [25]. 
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Figure 6.4: a) The Nyquist plot (Inset shows equivalent circuit), and b) phase angle as 

a function of frequency of FSS-ASC device. 

 
Figure 6.5: a) Variation of specific capacitance with GCD cycles (Inset show 2

nd
 and 

6000
th

 cycles), and b) practical application of MnO2//CuS@rGO device to glow 201 

red LEDs panel. 

The life span of SC is considered a core parameter that reduces the cost of 

maintenance of any portable electronic device that leads to economically affordable 

appliances. Stability of MnO2//CuS@rGO device evaluated for 5000 cycles at a 

current density of 2.5 A g
-1

 is presented in Figure 6.5a. Inset shows 2
nd

 and 5000
th

 

GCD curves. The excellent electrochemical stability (93%) can be accredited to a 

proper combination of faradic and pseudocapacitive electroactive material forming a 

porous hybrid electrode with an appropriate pore size. 

To demonstrate the practical applicability of MnO2//CuS@rGO device, two 

devices were connected in series and charged for 30 s by applying the voltage of 3.2 

V. The series combinations of two MnO2//CuS@rGO devices easily glow up 201 

light emitting diodes (LEDs) for 66 s (Figure 6.5b). This revealed the practical 

application of MnO2//CuS@rGO device in different portable electronic device. The 
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measured initial output power of 31.04 mW cm
-2

 signifies excellent charge storing 

capability. 

6.3.B Electrochemical studies of CuSe2@rGO//CuS FSS-ASC device 

The schematic of assembly of CuSe2@rGO//CuS FSS-ASC device is shown in 

Figure 6.6a, where, CuSe2@rGO electrode is used as an anode and CuS as a cathode. 

The image of CuSe2@rGO//CuS ASC device is shown in Figure 6.6b. The CuS 

electrode was prepared as described in chapter-III.  

 

Figure 6.6: a) Schematic of assembly, and b) photograph of CuSe2@rGO//CuS 

ASC device. 

To identify suitable operating voltage, CV curves of the device in various 

operating voltages ranging between 0 to +1.4 V are shown in Figure 6.7a. As 

operating voltage increases, the area enclosed under CV curve increases and as a 

result Cs also increases from 21 to 37 F g
-1

. The symmetric nature of CV curve at 

+1.4 V indicates good capacitive performance of ASC device. As no visible water 

splitting was observed, it was concluded that ACS device can be charged up to 

+1.4 V. 

The GCD plots of the device at charging current density of 13.3 A g
-1

 for 

various operating voltages range between 0 to +1.4 V are shown in Figure 6.7b. 

Large time of charge-discharge indicates more charge storage at +1.4 V and 

symmetric GCD plot suggests excellent charge storage behavior of ASC device. 

Therefore, further characterizations of ASC device are carried out in voltage 

range of 0 to +1.4 V. 
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Figure 6.7: a) The CV curves, and b) the GCD plots at various voltages, c) the CV 

curves at different scan rates, and d) the GCD curves at various charging current 

densities of CuSe2@rGO//CuS ACS device. 

The CV curves of FSS-ASC device at different scan rates are presented in 

Figure 6.7c. The shapes of all CV curves are similar, indicating good reversibility 

of SC device. The maximum Cs of 112 F g
-1

 at the scan rate of 5 mV s
-1

 was 

obtained. The GCD curves for various charging current densities (2.66-13.30 A g
-

1
) are shown in Figure 6.7d. The Cs of 104 F g

-1
 was obtained at charge-discharge 

current density of 2.66 A g
-1

. 

 

Figure 6.8: a) Variation of Cs with a) the scan rate and b) current density. 
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The variation of Cs of ASC with the scan rate is presented in Figure 6.8a 

and with charging current densities is presented in Figure 6.8b. With rising scan 

rate and current density, the discharging time (  ) of the device drops, which 

resulted into decrease in Cs of the device due to insufficient electrode-electrolyte 

interaction. 

The SE and SP values decide practical applications of energy storage 

devices. The SE (29.6 Wh kg
-1

) and SP (1498 W kg
-1

) of CuSe2@rGO//CuS ASC 

device are suitable for practical application. The Ragone plot of ASC device is 

shown in Figure 6.9a. 

To understand the electrochemical behavior of SC device the EIS is one of 

the excellent nondestructive technique. The Nyquist plot obtained through the EIS 

study is shown in Figure 6.9b. The Rs of 0.32 Ω and Rct of 20.1 Ω are observed 

for the ASC device. The higher value of Rct is due to the gel form of electrolyte 

(PVA-KOH) [26, 27]. The data of fitted equivalent circuit is shown in the inset of 

Figure 6.9b. The circuit consists of Rs, Rct, W, and a double layer capacitor (Cdl). 

The W evaluated from the equivalent circuit is 0.194 Ω and the value of Cdl is 

0.814 F. From the Bode plot (Figure 6.9c), the observed characteristics frequency 

(  ) at the phase angle of 45° is 0.17 Hz. The    of 5.88 s suggests that the device 

can be charged within a short time and delivers excellent power easily [28-31]. 

For commercial purposes, along with high performance, long term stability 

of ACS devices is very important. The stability of the ASC device is tested for 

5,000 GCD cycles at a charging current density of 13.3 A g
-1

. The 83.5% stability 

is shown in Figure 6.9d. The selected GCD plots (2
nd

 and 5000
th

 cycles) are 

presented in the inset of Figure 6.9d. The better electrochemical stability is due to 

the result of binder less electrode preparation, the composition of CuSe2 with 

rGO, and use of solid state polymer gel (PVA-KOH) electrolyte. 

The electrode materials were deposited on the flexible SS substrate of 

thickness 0.03 mm. To figure out the usefulness of the device in wearable and 

bendable appliances, CV curves of the device were examined at different bending 

positions from 0 to 165°. In Figure 6.10a, CV curves at different bending angles 

demonstrate structural integrity of the device after folded. About 89% of Cs was 

retained after 165° bending (Figure 6.10b) and it confirms that ASC device can be 

bent without sacrificing the electrochemical performance. It is observed that there 

was no obvious shape change of CV plots at various bending angles. The flexible 
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nature of SS substrate accompanied by layered structure of CuSe2@rGO film 

helps good mechanical flexibility. 

 

Figure 6.9: a) Ragone plot, b) Nyquist plot (Inset shows equivalent circuit), c) 

Bode plot, and d) plot of Cs retention over 5000 GCD cycles (Inset shows 2
nd

 and 

5000
th

 GCD cycles) of ASC device. 

Furthermore, the practical applicability of the ASC device is demonstrated 

by lightning LED by two series connected ASC devices. After 30 s of charging, 

ASC devices light up 201 red LEDs for 150 s. Figure 6.10c shows photographs 

while discharging ASC devices. Initially, 19.6 mW cm
-2

 power was stored in 

through two series connected ASC devices. 

Overall, a simple and effective approach was developed to the synthesis of 

CuSe2@rGO and CuSe2@rGO composite thin film flexible electrodes with 

excellent electrochemical properties. The composition of rGO with copper 

chalcogenides offers high specific surface area and low Rct. The fabricated ASC 

devices is useful as potent flexible energy storage systems. 
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Figure 6.10: a) The CV curves at various bending angles, b) retention of specific 

capacitance with the bending angle, and c) demonstration of two series connected 

CuSe2@rGO//CuS ASC devices to illuminate 201 red LEDs. 

6.4 Conclusions 

In summary, MnO2//CuS@rGO FSS‒ASCs device was fabricated using 

MnO2 as a positive and CuS@rGO as a negative electrode using PVA-LiClO4 gel 

electrolyte. In the same way, CuSe2@rGO//CuS FSS‒ASCs device was also 

assembled using PVA-KOH gel electrolyte. The MnO2//CuS@rGO FSS‒ASCs 

device exhibited excellent electrochemical performance with maximum Cs of 

102.9 F g
‒1

, SE of 40.5 Wh kg
‒ 1

, and SP of 1087 W kg
‒1

. The Cs, SE, and SP of 

CuSe2@rGO//CuS FSS-ASCs device were 104 F g
-1

, 28.3 Wh kg
‒ 1

, and 1538 W 

kg
‒1

, respectively. Furthermore, MnO2//CuS@rGO FSS‒ASCs device revealed 

excellent cycling stability of 93% with an operating voltage of +1.6 V for 5000 

GCD cycles and that of CuSe2@rGO//CuS ASC device 83.5% after 5000 GCD 

cycles. Both FSS‒ASC devices displayed outstanding mechanical flexibility and 

high rate capability. In an actual demonstration, both MnO2//CuS@rGO and 

CuSe2@rGO//CuS FSS‒ASC devices light up 201 red LEDs using a series 
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combination of two devices (area of 5 × 5 cm
2
). This shows the possible use of 

both copper chalcogenide based FSS-ASC devices for practical applications. 
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Summary and conclusions 

The electrical energy storage systems such as battery, capacitor and SCs are 

available in recent years. In which SC have ability to store charge rapidly and it has 

higher power density than batteries. The tremendous use of SCs in the flexible and 

wearable electronics has been intended for a number of applications like medical bio-

monitoring devices for military equipment. The batteries have limited service lifetime, 

safety issue and small‒scale power which restrict applications of batteries in portable 

electronic devices. In contradict, SCs offers higher power density, electrochemical 

cycling stability, better energy density and environmental energy storage. Therefore, 

SC technology is rising rapidly to substitute capacitors and batteries. Currently, SCs 

are being used in several applications such as telecommunications, hybrid electric 

vehicles, power back up sources, flash camera’s, etc. In hybrid electric vehicles, the 

higher power during start is required. 

The SCs give high power and energy to hybrid electric vehicles during start 

and so hybrid electric vehicles use SCs. Nevertheless, SCs have limitations with 

aqueous electrolytes, lower reduction potential of metal cations and higher resistivity 

of metal oxides. The FSS-ASCs device is the innovative member of energy storage 

SC and attracted due to their high power density, long cycle life, environmental 

friendliness and safety. To overcome these drawbacks of device, further electrode 

material investigation is necessary to enhance performance of SCs. Temporarily, the 

combination of best active electrode materials with supportable electrolyte efficiently 

raises both the energy and power capability of the FSS-SCs device. 

The previous reports suggest that the materials like metal oxides, conducting 

polymers and carbon based materials enhance the electrochemical performance of SC 

device. The electrical conductivity and thermal stability of metal oxides are 

comparatively lower than metal sulfides. Therefore, the low cost and high 

performance electrode material preparation in transition metal sulfide family is 

required. 

The present work deals with the synthesis of copper chalcogenide (CuS, 

CuSe2) thin films by simple, cost effective and binder‒free chemical approach. The 

number of preparative parameters were optimised to get highly porous surface 
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morphology with higher specific surface area, which successfully increase the 

electrochemical features of CuS and CuSe2 thin films. The composite thin films 

showed better SC performance than CuS and CuSe2 thin films. Therefore, the 

composite thin films with excellent electrochemical features were used as one 

electrode for fabrication of FSS-ASCs device. Furthermore, MnO2 was selected as 

positive electrode with a wide potential window. The work has been distributed in six 

chapters. 

Chapter I deals with a general introduction and literature survey of different 

transition metal sulfides and selenides for SC application. Additionally, it covers a 

literature survey on copper chalcogenide electrode materials. It displays information 

regarding mechanisms of energy exploitation from different energy sources. 

Consequently, the importance of energy storage from renewable energy sources is 

noted. It clarifies the most simple energy storage devices specifically capacitor, 

battery, and SC. The different types of SCs along with their energy storage 

capabilities are discussed. The benefits of SCs over capacitors and batteries in terms 

of energy and power densities are mentioned. 

The significance of thin film and different nanostructure morphologies of 

material is explained in brief. The different electrode materials such as carbon based 

materials, metal oxides/hydroxides, and conducting polymers are disscussed. The 

significance of metal chalcogenides for SC application is described concerning a 

contribution from non-faradaic reactions in addition to faradaic reactions. The 

literature survey of transition metal sulfides and selenides includes preparation 

methods, properties, and applications. Furthermore, the literature survey of CuS and 

CuSe based electrode materials for supercapacitive applications is carried out and 

finally, the orientation and purpose of the thesis are described. 

Chapter II presents thin film preparation method and the advantages of 

chemical methods over physical thin film deposition methods. Out of chemical 

methods, the SILAR method is deemed to be more controllable on thin film 

deposition process. This method is comprised of three processes, i) adsorption, ii) 

reaction, and iii) rinsing. To evaluate the structural, morphological, and elemental 

compositional parameters different characterization techniques such as XRD, FE-

SEM, FT-IR and Raman spectroscopy, XPS, contact angle measurement and BET 
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were used. The basic principle and working mechanism of these techniques are 

discussed in chapter II in order to understand obtained results. Further, fundamental 

aspects and applications of various electrochemical techniques for energy storage 

application were studied in this chapter. 

Thickness affects the charge storage, cycling stability, resistive parameters of 

the film electrode material. Considering this, the optimization of thin film thickness or 

mass loading is necessary which can be done by varying deposition cycles in SILAR 

method. 

From this perspective, Chapter III presents the study of the effect of mass 

loading on the physico-chemical properties and electrochemical performance of 

copper sulfide. Chapter III deals with the synthesis of CuS thin films by SILAR 

method and their characterization for electrochemical performance evaluation. This 

chapter also deals with the synthesis of CuS@rGO thin films using SILAR method. 

Since the ratio of rGO in the composite film decides the overall electrochemical 

performance of the film, the effect of amount of rGO on the electrochemical 

performance of CuS@rGO thin films was evaluated. The crystalline nature of CuS 

thin films changes with the composition of rGO. With mass loading 0.0126(±0.001) 

mg cm
-2

, CuS100 thin film (CuS film prepared at 100 cycles) exhibited the specific 

capacitance of 687 F g
-1

 at the scan rate of 2 mV s
-1

 and stability of 89% after 10000 

GCD cycles. 

The mass loading of CuS@rGO5 thin film of 0.0137(±0.001) mg cm
-2

, 

indicated an increase in mass loading with the introduction of rGO. The Cs of the 

composite film was 1201.8 F g
-1

 at the scan rate of 2 mV s
-1

 and stability of 94% over 

10000 GCD cycles. The values of Rs and Rct for CuS100 thin film were 1.34 and 3.54 

Ω cm
-2

 and that of CuS@rGO5 were 2.78 and 20.80 Ω cm
-2

, respectively. Thus the 

composition of CuS with rGO in proper ratio can be used to modify structural and 

morphological properties and able to improve specific capacitance. Due to higher 

mass loading Rs of CuS@rGO composite thin film was more. This chapter highlights 

superiority of CuS@rGO thin film over CuS and rGO thin films. 

Chapter IV deals with the preparation and characterization of CuSe2 and 

CuSe2@rGO thin films by the SILAR method. The mass loading of CuSe2 and 

CuSe2@rGO thin films was 0.091 (±0.01) mg cm
-2

 and 0.106 (±0.01) mg cm
-2

, 

respectively. The effect of rGO on chemical composition, crystal structure, surface 
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morphology, and electrochemical properties was studied. The chemical composition 

of rGO with copper selenide orients crystal growth from (200) to (221) 

crystalographic plane. The petal-like morphology of CuSe2 thin film modified to 

randomly distributed sheet-like morphology. The nanospheres of CuSe2 coated on 

rGO sheets were observed in CuSe2@rGO thin film. This mesoporous structure 

exhibited specific surface area of 84 m
2
 g

-1
 compared to 24 m

2
 g

-1
 of CuSe2 material. 

Shift in average pore radius to lower dimension side (32 nm for CuSe2 to 13 nm for 

CuSe2@rGO) was the main cause of increased specific surface area. 

The supercapacitive properties of CuSe2 thin film were assessed using CV, 

charge-discharge, and electrochemical stability and EIS study. The maximum Cs of 

400 F g
-1

 was achieved at the scan rate of 2 mV s
-1

. The charge-discharge curves were 

non-linear indicating pseudocapacitive behavior of CuSe2 electrode. The CuSe2@rGO 

thin film exhibited maximum Cs of 612 F g
-1

 at the scan rate of 2 mV s
-1

. The stability 

of CuSe2@rGO thin film increased impressively from 57 to 78% after composition.  

The values of Rs and Rct for CuSe2 thin film were 1.39 and 3.50 Ω cm
-2

 and that of 

CuSe2@rGO were 0.83 and 1.50 Ω cm
-2

, respectively. In conclusion, the highest 

specific surface area offered by CuSe2@rGO material helps to reduce ion diffusion 

resistance and maximum active sites exposed to the electrolyte improves the 

infiltration of electrolyte ions (OH
-
) in the electrode. 

Chapter V deals with the synthesis of MnO2 thin films using CBD method 

and their characterization for electrochemical performance evaluation. MnO2 thin film 

exhibited a specific surface area of 140.5 cm
2
 gm

-1
 and an average pore radius of 27.8 

nm. The mesoporous surface showed a hydrophilic nature. In addition to this, MnO2 

thin film exhibited Cs of 702 F g
-1

 at a scan rate of 5 mV s
-1

. Low resistive parameters 

such as Rs (1.94 Ω cm
-2

) and Rct (1.94 Ω cm
-2

) and capacitive retention of 93% after 

5000 CV cycles of MnO2 thin film electrode ascribed to its nanostructured 

morphology consisting nanospheres. 

Chapter VI contains the fabrication and electrochemical evaluation of 

MnO2//CuS@rGO and CuSe2@rGO//CuS FSS-ASC devices. For ASC device 

fabrication high performance positive electrode material is required. Furthermore, this 

chapter includes the preparation of solid-state PVA-LiClO4 and PVA-KOH gel 

electrolytes. The MnO2//CuS@rGO FSS-ASC device exhibited the operating voltage 
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of +1.6 V, which is due to different operating potential windows of CuS@rGO and 

MnO2 thin films. It exhibited the excellent Cs of 102.9 F g
‒1

 with a maximum SE of 

40.5 Wh kg
‒1

 at the power density of 1087 W kg
-1

. The MnO2//CuS@rGO FSS-ASC 

device showed capacitance retention of 93% after 5000 GCD cycles and robust 

mechanical flexibility by retaining 90% of capacitance at a bending angle of 165°. 

Similarly, CuSe2@rGO//CuS FSS‒ASC device working at a voltage of 1.4 V 

exhibited Cs of 104 F g
-1

 at a current density of 2.6 A g
-1

. Outstanding SE (26.9 Wh 

kg
-1

) and SP (1498 W kg
-1

) of the device underlined its possible practical applications. 

CuSe2@rGO//CuS FSS-ASC device showed capacitance retention of 83.5% after 

5000 GCD cycles and 89% at the bending angle of 165°. 

Finally, two FSS‒ASC devices connected in series were able to glow a panel 

of 201 red LEDs efficiently. The initial power dissipated through MnO2//CuS@rGO 

FSS-ASC was 31 mW cm
-2

 and for CuSe2@rGO//CuS FSS-ASC device was 19.6 

mW cm
-2

. The electrochemical parameters of CuS, CuS@rGO, CuSe2, CuSe2@rGO 

are summarised in Table. 7.1. In this table, methods of material preparation, surface 

morphology, electrolytes, Cs, Rs, Rct, and cycling stability of the electrodes are 

mentioned. The electrochemical parameters of MnO2//CuS@rGO and 

CuSe2@rGO//CuS FSS-ASC devices are summarised in Table 7.2. Finally, the 

observed results conclude that the copper chalcogenide based FSS-ASCs can power 

up small electronic equipment requiring power in the range of 0.01 mW to 0.1 mW. 

In this study, copper chalcogenide thin films and their composites with rGO 

were synthesized using automated SILAR method. The introduction of rGO improves 

electrical conductivity, specific surface area, and overall electrochemical performance 

of pristine material. Instead of rGO, other carbon allotropes like fullerene, CNTs, 

carbon aerogel, and carbon foam for the composition will be used. Along with this, 

the composition of other transition metals (Ni, Co, Cr) to form a bimetallic compound 

will also enhance the electrochemical energy storage properties of the electrode 

material. To understand the process of energy storage in copper chalcogenide based 

compounds, physical characterization of these materials should be performed to 

analyze changes in the crystal structure, surface morphology, and chemical 

composition using techniques such as XRD, SEM, TEM, and XPS. Further, in situ 
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characterization of ASC devices through TEM and NMR analyses could give a better 

understanding of actual processes involved in charge storage. 

Table 7.1: The electrochemical parameters of CuS, CuS@rGO, CuSe2, and 

CuSe2@rGO thin film electrodes deposited using SILAR method in three electrode 

system. 

Material Surface 

morphology 

Electrolyte Cs 

(F g
-1

) 

Rs 

(Ω cm
-2

) 

Rct 

(Ω cm
-2

) 

Stability (%) 

(after 10000 

cycles) 

CuS60 Spong-like 

1 M LiClO4 

550 1.77 1.20 74 

CuS80 Nanoflakes 639 1.36 5.91 79 

CuS100 Nanoflakes 687 1.34 3.54 89 

CuS120 Nanoflowers 660 2.92 13.82 80 

CuS@rGO3 

Spherical 

nanoparticles on 

sheet like 

structure 

902 3.34 22.21 76 

CuS@rGO4 1109 2.75 21.30 81 

CuS@rGO5 1202 2.78 20.80 94 

CuS@rGO6 1023 4.13 43.90 87 

CuSe2 Petal-like 

1 M KOH 

400 1.39 3.50 57 

CuSe2@rGO 

Spherical 

nanoparticles on 

sheet-like 

structure 

612 0.83 1.50 78 

 

Table 7.2: The electrochemical parameters of FSS-ASC devices evaluated using 

two electrode system. 

Configuration of 

FSS-ASC device 

Cs 

(F g-1) 

Specific energy (Wh kg-1) 

at specific power (W kg-1) 

Rs 

(Ω) 

Rct 

(Ω) 

Stability 

(%) 

(cycles) 

Flexibility 

(%) at 

165° 

MnO2//CuS@rGO 102.9 at 2 

A g
-1

 

40.5 at 1087 0.24 2 93 

(5000) 

90 

CuSe2@rGO//CuS 104 at 2.6 

A g
-1

 

26.9 at 1498 0.32 20 83 

(5000) 

89 
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Figure 7.1: a) Photograph in twisted position, and b) thickness measurement of 

CuS@rGO//MnO2 ASC device. Demonstration to illuminate c) table lamp consisting 

12 white LEDs, and d) LEDs panel made of 201 red LEDs using two series connected 

CuS@rGO//MnO2 ASC devices. 
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80-Recommendations 
8.1 Recommendations: 

 
In the presented research work, thin films of copper chalcogenides mainly 

copper sulphide and copper selenide were prepared using SILAR method. The charge 

storage capacity of these thin film was improved by means of improvement in surface 

area. To achive this rGO was composited with the copper chalcogenides using SILAR 

method. The objective of the preparation of composite electrode was to improve 

specific capacitance and stability of the material than pristine materials. The solid 

state supercapacitor fabricated using these thin films delivered energy density of 40.5 

Wh kg
-1

 at 1087 W kg
-1

. 

Finally, it is recommended that, at 100 SILAR cycles, CuS thin film show best 

electrochemical performance and for CuSe2 it is 40 SILAR cycles. To get best 

electrochemical performance optimized concentration of rGO is 0.5 mg mL
-1

. Due to 

the simplicity, scalable nature of the deposition method, it can be potentially 

translated at industrial level with minimum modification. 

8.2 Conclusions 

The conclusions from the present research work are listed as follows: 

1. The mass loading per unit area of electrode is controlled through variation of 

deposition cycles. Optimum mass loading of electrode was essential for highest 

electrochemical performance. 

2. At the optimum mass loading charge transfer resistance per unit mass is 

minimum and thereafter it increased. Copper sulfide thin film deposited at 100 

SILAR cycles showed best electrochemical performance. And CuSe2, thin film 

deposited at 40 SILAR cycles showed best electrochemical performance. 

3. Composition of rGO with copper chalcogenides improve specific surface area. 

This leads to increase in electrochemical active sites and improvement in charge 

storage through capacitive assisted mechanism. As the pristine rGO has very low 

specific capacitance, optimization of composition of each material need to be 

considered. For copper chalcogenides 0.5 mg mL
-1

 concentraion of rGO 

suspension provide better effect on electrochemical properties.  

4. Composition of copper chalcogenides with the rGO increased in electrochemical 

stability of the electrodes. Stability of CuS was improved from 89% to 94% 
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(CuS@rGO) and that for CuSe2@rGO it was reached up to 78% from 57% 

(CuSe2). 

5. Compared to composite electrodes of copper sulfide (CuS@rGO) electrochemical 

performance of composite electrodes of copper selenide (CuSe2@rGO) is lower. 

6. Asymmetric solid-state supercapacitor fabricated using MnO2 and CuS@rGO 

delivers energy density of 40.5 Wh kg
-1

 at the power density of 1087 W kg
-1

. 

 

8.3 Summary 

The present work deals with the synthesis of copper chalcogenide (CuS, 

CuSe2) thin films by simple, cost effective and binder‒free chemical approach. The 

numbers of preparative parameters were optimized to get highly porous surface 

morphology with higher specific surface area, which successfully increase the 

electrochemical features of CuS and CuSe2 thin films. The composite thin films 

showed better SC performance than CuS and CuSe2 thin films. Therefore, the 

composite thin films with excellent electrochemical features were used as one 

electrode for fabrication of FSS-ASCs device. Furthermore, MnO2 was selected as 

positive electrode with a wide potential window. 

The significance of thin film and different nanostructure morphologies of 

material is explained in brief. The different electrode materials such as carbon based 

materials, metal oxides/hydroxides, and conducting polymers are discussed. The 

significance of metal chalcogenides for SC application is described concerning a 

contribution from non-faradaic reactions in addition to faradaic reactions. The 

literature survey of transition metal sulfides and selenides includes preparation 

methods, properties, and applications. Furthermore, the literature survey of copper 

sulfide and copper selenide based electrode materials for supercapacitive applications 

is carried out and finally, the orientation and purpose of the thesis are described. 

The thin film preparation method and the advantages of chemical methods 

over physical thin film deposition methods are discussed. Out of chemical methods, 

the SILAR method is deemed to be more controllable on thin film deposition process. 

This method is comprised of three processes, i) adsorption, ii) reaction, and iii) 

rinsing. To evaluate the structural, morphological, and elemental compositional 

parameters different characterization techniques such as XRD, FE-SEM, FT-IR and 
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Raman spectroscopy, XPS, contact angle measurement and BET were used. The basic 

principle and working mechanism of these techniques are discussed to understand 

obtained results. Further, fundamental aspects and applications of various 

electrochemical techniques for energy storage application are discussed. 

Thickness affects the charge storage, cycling stability, resistive parameters of 

the film electrode material. Considering this, the optimization of thin film thickness or 

mass loading is necessary which can be done by varying deposition cycles in SILAR 

method. 

From this perspective, the study of the effect of mass loading on the physico-

chemical properties and electrochemical performance of copper sulfide were 

evaluated. Since the ratio of rGO in the composite film decides the overall 

electrochemical performance of the film, the effect of amount of rGO on the 

electrochemical performance of CuS@rGO thin films was evaluated. The crystalline 

nature of CuS thin films changes with the composition of rGO. With mass loading 

0.0126(±0.001) mg cm
-2

, CuS100 thin film (CuS film prepared at 100 cycles) 

exhibited the specific capacitance of 687 F g
-1

 at the scan rate of 2 mV s
-1

 and stability 

of 89% after 10000 GCD cycles. 

The mass loading of CuS@rGO5 thin film of 0.0137(±0.001) mg cm
-2

, 

indicated an increase in mass loading with the introduction of rGO. The Cs of the 

composite film was 1201.8 F g
-1

 at the scan rate of 2 mV s
-1

 and stability of 94% over 

10000 GCD cycles. The values of Rs and Rct for CuS100 thin film were 1.34 and 3.54 

Ω cm
-2

 and that of CuS@rGO5 were 2.78 and 20.80 Ω cm
-2

, respectively. Thus the 

composition of CuS with rGO in proper ratio can be used to modify structural and 

morphological properties and able to improve specific capacitance. Due to higher 

mass loading Rs of CuS@rGO composite thin film was more. This highlights 

superiority of CuS@rGO thin film over CuS and rGO thin films. 

The preparation of CuSe2 and CuSe2@rGO thin films by the SILAR method, 

the mass loading of CuSe2 and CuSe2@rGO thin films was 0.091 (±0.01) mg cm
-2

 and 

0.106 (±0.01) mg cm
-2

, respectively. The effect of rGO on chemical composition, 

crystal structure, surface morphology, and electrochemical properties was studied. 

The chemical composition of rGO with copper selenide orients crystal growth from 

(200) to (221) crystalographic plane. The petal-like morphology of CuSe2 thin film 

modified to randomly distributed sheet-like morphology. The nanospheres of CuSe2 
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coated on rGO sheets were observed in CuSe2@rGO thin film. This mesoporous 

structure exhibited specific surface area of 84 m
2
 g

-1
 compared to 24 m

2
 g

-1
 of CuSe2 

material. Shift in average pore radius to lower dimension side (32 nm for CuSe2 to 13 

nm for CuSe2@rGO) was the main cause of increased specific surface area. 

The supercapacitive properties of CuSe2 thin film were assessed using CV, 

charge-discharge, and electrochemical stability and EIS study. The maximum Cs of 

400 F g
-1

 was achieved at the scan rate of 2 mV s
-1

. The charge-discharge curves were 

non-linear indicating pseudocapacitive behavior of CuSe2 electrode. The CuSe2@rGO 

thin film exhibited maximum Cs of 612 F g
-1

 at the scan rate of 2 mV s
-1

. The stability 

of CuSe2@rGO thin film increased impressively from 57 to 78% after composition.  

The values of Rs and Rct for CuSe2 thin film were 1.39 and 3.50 Ω cm
-2

 and that of 

CuSe2@rGO were 0.83 and 1.50 Ω cm
-2

, respectively. In conclusion, the highest 

specific surface area offered by CuSe2@rGO material helps to reduce ion diffusion 

resistance and maximum active sites exposed to the electrolyte improves the 

infiltration of electrolyte ions (OH
-
) in the electrode. 

The thin films of MnO2 were prepared using CBD method and characterized 

for electrochemical performance evaluation. MnO2 thin film exhibited a specific 

surface area of 140.5 cm
2
 gm

-1
 and an average pore radius of 27.8 nm. The 

mesoporous surface showed a hydrophilic nature. In addition to this, MnO2 thin film 

exhibited Cs of 702 F g
-1

 at a scan rate of 5 mV s
-1

. Low resistive parameters such as 

Rs (1.94 Ω cm
-2

) and Rct (1.94 Ω cm
-2

) and capacitive retention of 93% after 5000 CV 

cycles of MnO2 thin film electrode ascribed to its nanostructured morphology 

consisting nanospheres. 

The FSS-ASC devices  with configuration of MnO2//CuS@rGO and 

CuSe2@rGO//CuS were fabricated. The MnO2//CuS@rGO FSS-ASC device 

exhibited the operating voltage of +1.6 V, which is due to different operating potential 

windows of CuS@rGO and MnO2 thin films. It exhibited the excellent Cs of 102.9 F 

g
‒1

 with a maximum SE of 40.5 Wh kg
‒1

 at the power density of 1087 W kg
-1

. The 

MnO2//CuS@rGO FSS-ASC device showed capacitance retention of 93% after 5000 

GCD cycles and robust mechanical flexibility by retaining 90% of capacitance at a 

bending angle of 165°. 
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Similarly, CuSe2@rGO//CuS FSS‒ASC device working at a voltage of 1.4 V 

exhibited Cs of 104 F g
-1

 at a current density of 2.6 A g
-1

. Outstanding SE (26.9 Wh 

kg
-1

) and SP (1498 W kg
-1

) of the device underlined its possible practical applications. 

CuSe2@rGO//CuS FSS-ASC device showed capacitance retention of 83.5% after 

5000 GCD cycles and 89% at the bending angle of 165°. 

Finally, two FSS‒ASC devices connected in series were able to glow a panel 

of 201 red LEDs efficiently. The initial power dissipated through MnO2//CuS@rGO 

FSS-ASC was 31 mW cm
-2

 and for CuSe2@rGO//CuS FSS-ASC device was 19.6 

mW cm
-2

. Finally, the observed results conclude that the copper chalcogenide based 

FSS-ASCs can power up small electronic equipment requiring power in the range of 

0.01 mW to 0.1 mW. 

8.4 Future findings 
 

In this study, copper chalcogenide thin films and their composites with rGO 

were synthesized using automated SILAR method. The introduction of rGO improves 

electrical conductivity, specific surface area, and overall electrochemical performance 

of pristine material. Instead of rGO, other carbon allotropes like fullerene, CNTs, 

carbon aerogel, and carbon foam for the composition can be used. Along with this, the 

composition of other transition metals (Ni, Co, Cr) to form a bimetallic compound 

will also enhance the electrochemical energy storage properties of the electrode 

material. To understand the process of energy storage in copper chalcogenide based 

compounds, physical characterization of these materials should be performed to 

analyze changes in the crystal structure, surface morphology, and chemical 

composition using techniques such as XRD, SEM, TEM, and XPS. Further, in situ 

characterization of ASC devices through TEM and NMR analyses could give a better 

understanding of actual processes involved in charge storage. 


