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1.1 General introduction: 

1.1.1 Necessity of supercapacitor: 

In the last decade, developing industrialization, environmental pollution and the 

human population along with the diminishing fossil fuels have become most critical 

problems for the present and future generations [1]. Furthermore, natural resources are 

limited in a global ecosystem. To overcome these issues, there is an urgent requirement 

for the development of eco-friendly and safe renewable energy resources [2, 3]. In 

recent years, renewable energy resources, such as hydropower, wind and solar are more 

useful for energy conversion systems. Exploiting these renewable energy resources for 

the replacement of fossil fuels to employ continuous energy production is more 

essential. However, the discontinuity of these resources is the main disadvantage. 

Energy storage is one of the crucial parts which can resolve the problems. The systems 

of electrical energy storage play a vital role in various practical applications [4, 5]. The 

role of energy storage technologies in the field of renewable energy generation and 

hybrid/electric vehicles has become essential. Moreover, to meet the next generation 

energy demands, low-cost, lightweight, flexible and high-performance energy storage 

gadgets are necessary requirements. The supercapacitor (electrochemical capacitors or 

ultracapacitors) is the device for energy storage device which holds great promise in 

many applications [6-8]. Supercapacitors are employed in several applications which 

incorporate hybrid vehicles, memory backup systems and portable electronic devices, 

due to their promising features like superior cycling stability, fast charge-discharge 

process and high power density [9, 10]. It can store electrical energy and deliver it like 

batteries, but they utilize various electrochemical mechanisms. The battery stores 

electricity through chemically, while the ultracapacitors store physically by sorting out 

negative and positive charges. The performance of energy storage devices can be 

explained in terms of their capacity to deliver energy and power density. 

The Ragone plot of energy storage devices is illustrated in Fig 1.1, which shows 

a comparison with ordinary devices in terms of energy density and power density. The 

conventional capacitor has less energy density and high power density, whereas the 

battery has higher energy density and lower power density. As a result, if we extract 

energy quickly from a lithium-ion battery, its ability is decreased, by means if we need 

higher powers from the battery it is enforced to extract the lower amount of energy. In 

the Ragone plot, supercapacitors occupy a significant position as they fill the gap 

between conventional capacitors and fuel cells/batteries. They have more power ability 
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and comparatively huge energy density than the conventional capacitors. They can 

deliver extensive energy at a higher power density. In addition, they have long stability 

than the batteries, low equivalent series resistance (ESR) and high capacitance as 

compared to conventional capacitors. For the more functional devices, supercapacitors 

propose a promising approach to overcome the growing power demands [12-14]. 

 
 

Fig. 1.1: The Ragone plot of energy storage devices [11]. 

 

1.1.2 Principle of supercapacitor: 

The conventional capacitor stores energy over electrode surface separated by a 

dielectric material, where as a supercapacitor store energy through the formation of an 

electric double-layer at the interface of electrode and electrolyte. In the conventional 

capacitor, charges are accumulated at electrode/electrolyte interface, which creates an 

electric double layer separates in a few Angstrom. Fig. 1.2 shows the charge storage 

mechanism of the conventional capacitor. It consists of two conducting plates, which 

are separated through the dielectric material. When a voltage is applied across the 

conductor plates, the ions are adsorbed over the electrode with opposite polarity and 

form an electric double layer at the electrode interface and applied electrolyte. 

Capacitance is a number of charges stored with respect to potential. The ratio of the 

charge stored in the applied voltage is called capacitance (C). 
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Fig. 1.2: The schematic representation of conventional electrochemical capacitor [15]. 

 

C = Q/V                                                                                                                       (1.1) 

Here, Q and V are the charges stored with respect to mass over the electrode 

and potential window. In conventional capacitor, C is inversely proportional to the 

distance between both electrodes and directly proportional to the electrode surface area. 

C = єr єo A/d                                                                                                                 (1.2) 

Here, єr, єo, A and d are the permittivity of vacuum, the relative permittivity of the 

medium in electric double layer, electrode specific surface area and electric double 

layer effective thickness, respectively. As the lower distance of separated charges with 

high surface area to storing charges, the higher is C. In addition, the measurement of 

energy storage ability of capacitor is calculated by the following equation; 

E = 0.5CV2                                                                                                                                                                            (1.3) 

 Here, E and V are the energy density and electrochemical capacitor voltage 

window, respectively. Power density is energy released with respect to time. Generally, 

the resistance across the supercapacitor components (e.g. substrate, electrode material, 

separator and electrolyte) are required for evaluating power density, which known as 

the ESR. It is calculated from voltage drop of during the discharge, which gives the 

maximum voltage. The maximum power density is calculated by following relation; 

Pmax = V2/ESR                                                                                                             (1.4)  

Here, P and V are the power density and cell voltage. 

 As compared to battery, conventional capacitor has high power density but low 

energy density. The battery can store the more energy than the capacitor but it cannot 

deliver power density as quick as supercapacitor. Generally, the power density of a 
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capacitor is high due to the less energy storage with respect to mass or volume but 

discharges very rapidly to store more power. Supercapacitor has same principle as 

conventional capacitor, however it incorporates electrode with maximum surface area 

(A) and less distance (d) between two electrodes. As a result, from equations 1.2 and 

1.3, supercapacitor leads to enhanced capacitance as well as energy. 

1.1.3 Taxonomy of supercapacitor:  

 

Fig 1.3: Classification of supercapacitors with different types and subtypes. 

The taxonomy of supercapacitor is basically depends on charge storage 

mechanism and material used, it divided into three main categories namely, 

electrochemical double layer capacitor (EDLC), faradic capacitor (Pseudocapacitor) 

and hybrid capacitor. For charge storage, the type of supercapacitor is characterized by 

its unique charge storage mechanism. It includes the redox, electrostatic and 

combination of both processes, respectively. In redox process, charge transfer takes 

place through the oxidation and reduction reactions between electrode surface and 

applied electrolyte. In electrostatic process, chemical reaction does not involve, charges 

are stored over electrode surface through physical process. EDLC stores charges via 

electrostatic mechanism and fabricated from carbon based material [16-18].  Faradic 

capacitor stores charges through redox reaction occurring near surface or in bulk 

material [19]. Generally, faradic capacitors are constituted using the metal sulfides, 

conducting polymer and metal oxides [20-22]. The combinations of carbon-based 

material with conducting polymers, metal oxides/hydroxide/sulfides are used to form 
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hybrid capacitors [23-25]. This part gives an overview of each type of supercapacitor in 

details. Fig. 1.3 shows the classification of supercapacitor with different types and 

subtypes.  

1.1.3.1 Electric double layer capacitor (EDLC): 

 

Fig. 1.4: Schematic of charge storage mechanisms for (A) EDLC and (B) 

pseudocapacitor [27]. 

 

EDLC is an electrochemical capacitor which store charges non-Faradically 

because of the accumulation of charges at interface of electrode or electrolyte. It is 

composed of two carbon-based electrodes, separator and electrolyte which prevent 

direct contact between both electrodes. In EDLCs, charges store electrostatically, there 

is no transfer of charges between electrolyte and surface electrode. At charging time, 

electrons travel from negative to positive electrode through the external loop. In 

electrolyte, anions travel in the direction of positive electrode whereas cations travel in 

the direction of negative electrode. During the process of discharging ions and electrons 

travel in reversed direction [26]. The charge storage mechanism of EDLC is 

demonstrated in Fig. 1.4(A). The oppositely charged ions form double layer and 

separated in the atomic scale distance which is extremely reversible process. The 

EDLCs have achieved high capacitance because of the large surface area of carbon-

based electrodes and tiny separation between the charged ions. The EDLCs can provide 

extreme power density and excellent stability because of the absence of charge transfer 

reactions. The EDLCs include the carbon-based materials like an activated carbon, 

carbon aerogels, carbon nanotubes, graphene, mesoporous carbon, etc. [6]. 
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1.1.3.2 Pseudocapacitor: 

Pseudocapacitor is another class of supercapacitor. The charge storage 

mechanism of pseudocapacitor basically depends upon the transfer charge through 

redox reactions between electrolyte and electrode surface. The schematic of 

pseudocapacitor with redox reaction is illustrated in Fig. 1.4(B). If a voltage is applied 

to pseudocapacitive electrodes, oxidation-reduction reactions occur over the electrode 

surfaces. The conducting polymers, transition metal oxides or hydroxides, sulfides, 

such as polyaniline, polypyrrole, Co3O4 and NiS are mostly used in pseudocapacitors as 

an electrode material [23, 28-32]. The pseudocapacitor stores energy through redox 

reaction, therefore it produces high capacitance than the EDLCs. Also, charge storage 

capability of pseudocapacitor is higher as compared to EDLCs, which means that it 

provides maximum energy density in comparison with EDLCs. Moreover, 

pseudocapacitor offers less stability as compared to EDLCs owing to the degradation of 

electrode material for the period of electrochemical faradic reactions.  

1.1.3.3 Hybrid supercapacitor: 

The carbon based electrode materials are used in EDLCs, which offer higher 

surface area than the pseudocapacitive electrode materials. The EDLCs achieve 

relatively less specific capacitance (Cs) with lower energy density. However, the 

pseudocapacitor has high energy density as compared to EDLCs, but they have some 

limitations such as electrical conductivity, power densities and less stability due to their 

redox reactions. To overcome these limitations of pseudocapacitor and EDLCs, another 

class of supercapacitor was developed which is called as hybrid capacitors. The hybrid 

capacitor is formed by combination of pseudocapacitor and EDLC materials, utilizing 

both redox and electrostatic processes to store charges [33-37]. In hybrid capacitor 

system, pseudocapacitive or faradic electrode with high capacitance provides high 

energy density, while the electrostatic in EDLCs electrode enables higher power 

density. The hybrid capacitors can exhibit high capacitance, chemical stability, energy 

density and power density compared to both mechanisms like as pseudocapacitor and 

EDLCs. Researchers are interested in to develop a new type of electrode such as hybrid 

electrode material for supercapacitors which has high Cs, cyclic stability, energy 

density and power density etc. A combination of different materials and some 

advantages of forming composite is an effective approach with optimizing each 

component and raising their performance for supercapacitors. Carbon based materials 

with large surface area raise the contact between electrode of pseudocapacitive 
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materials and electrolyte, whereas redox reactions boost the charge storing ability of 

composite electrodes. It possesses higher capacitance with superior energy density 

compared to EDLCs and excellent stability than pseudocapacitors [38]. 

1.1.4 New trends in supercapacitor:   

Supercapacitor is an up coming energy storage device technology which will 

take a role of solution in worldwide future energy systems. The main characteristic of 

supercapacitor is a high energy storage ability which makes them a required decision 

among different manufacturers [39]. With steady development in technology and 

research, supercapacitor is attaining much more interest in all over the global markets. 

For the occasion, rail and automotive sections are opening innovative possibilities in 

emerging regions as like grid energy storage. Boost in the demand of electric/hybrid 

vehicles due to the severe administration rules about emissions is proposed to 

encourage and implementation in the supercapacitor markets [40]. Indeed, up to date 

the novel consumer electronic devices such as sensors and cell phones require various 

power demands due to their number of functionalities. At room temperature battery 

gives slowly response owing to its chemical reactions. Therefore, in the next generation 

energy storage systems in multiple cases, it will not provide required power of all these 

electronic/hybrid appliances. The demand of supercapacitors from industries is 

increasing because of its advantages verses lithium-ion batteries such as stability and 

power density. It can convey large amount of energy at a higher power and fast 

charge/discharge rates, which results are appropriate for supplying high power in 

multifunctional electronic devices. Even these superior characters of supercapacitors, 

the commercial applicability of supercapacitors are restricted owing to its low energy 

density. Currently, the researchers are trying to improve the energy density of 

supercapacitors by applying different approaches without hindering their other 

characteristics. 

 Carbon-based materials have been widely utilized in commercial 

supercapacitors, in the last few decades [41]. Nevertheless, the carbon-based materials 

exhibit low specific capacitance and restrict their commercial use. Current research 

suggests that pseudocapacitive transition metal oxides, hydroxides and sulfides are 

promising electrode materials for supercapacitor applications because of their some 

useful features like lower resistance value, cost effectiveness and environmental 

compatibility [42]. Also, the fast and faradic surface oxidation and reduction reactions 

of pseudocapacitive materials boost in the energy storage ability and specific 
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capacitance of the supercapacitor. The electrochemical stability of pseudocapacitive 

materials is inadequate owing to the degradation of electrode material in liquid 

electrolyte during the cycling. Therefore, investigations of solid-state supercapacitor 

devices have received great interest in which solid polymer gel electrolyte is used as a 

substitute to liquid electrolyte.  

The solid-state supercapacitor devices have advantages verses aqueous 

capacitors as it overcomes the problem of flexibility, ease of handling and electrolyte 

leakage [43]. Also, the current research is mainly focused on the improvement of 

supercapacitor performances using various ionic liquid electrolytes. These electrolytes 

have many advantageous, as they are nontoxic, thermally stable at temperature over 

290 °C and non-flammable. Further, in ionic liquid electrolyte the operational window 

of supercapacitor is amplified up to 4-6 V [44]. The electrochemical behaviour of 

supercapacitor not only depends on the used electrode material but also on the applied 

electrolyte, supporting substrate and separator which affects on the practical 

electrochemical supercapacitive performance. The selection of superior electrode 

material along with suitable electrolyte effectively enhances the Cs and energy density 

of supercapacitor. The operation of better performance, cost-effective and nontoxic 

electrode materials and appropriate electrolyte useful to achieve energy density and 

peak values of Cs of supercapacitor [45]. 

1.2. Literature survey on rare earth chalcogenide and graphene oxide (GO) based 

composite thin films: 

1.2.1 Literature survey on rare earth chalcogenide thin films and their physical 

properties: 

Table 1.1 illustrates the crystal structure, band gap values exhibited via various 

rare earth metal (REM) chalcogenide materials using different physical and chemical 

methods. According to literature survey, the REM chalcogenide thin films have been 

deposited by different methods and studied its various properties like electrochemical 

properties, gas sensing, optical and superconducting. Yadav et al [46] investigated 

structural and morphological properties for rod-like lanthanum oxide (La2O3) thin film 

deposited by chemical bath deposition (CBD) method. Atta et al [47] synthesized 

samarium oxide (Sm2O3) thin film by using RF sputtering method and studied optical 

properties with band gap of 4.5 eV. Yadav et al [48] reported band gap of 4.2 eV for 

spray pyrolysis synthesized hexagonal La2O3 thin film. Kariper et al [49] prepared 

nanosheets cerium sulfide (CeS2) thin film by CBD method and showed band gap of 



Introduction of supercapacitor and literature survey 
 

Chapter-I Page 9 
 

3.4 eV. Yadav et al [50] studied gas sensing properties for CBD deposited rod-like 

La2O3 thin film. Al-kuhaili et al [51] showed optical band gap of 5.8 eV for cubic 

dysprosium oxide (Dy2O3) thin film deposited by thermal evaporation (TE) route. 

Balkrushnan et al [52] synthesized cubic cerium oxide (CeO2) thin films by using pulse 

laser deposition method. Channei et al [53] found that the bandgap of 3.4 eV for spin 

coating deposited CeO2 thin films. Cwik et al [54] obtained amorphous neodymium 

sulfide (Nd2S3) thin films via metal-organic chemical vapour deposition (MOCVD) 

method and showed optical bandgap of 2.3 eV and studied photoluminescent 

behaviour. Kaya et al [55] deposited monoclinic Sm2O3 thin film by reacting sputtering 

(RS) method. Wang et al [56] prepared hexagonal La2O3 thin film via atomic layer 

deposition (ALD) route and investigated the structural and thickness characteristics. 

Baskys et al [57] obtained La2O3 thin film by sol-gel route and discussed X-ray 

photoelectron spectroscopy (XPS) study. Paumier et al [58] synthesized yttrium oxide 

(Y2O3) thin film on different substrates (Si, MgO and SrTiO3) by the ion beam sputtering 

(IBS) method and studied internal strain relaxation. Also, Ramana et al [59] reported 

optical properties of nanostructured Y2O3 thin film deposited by sputtering method. 

Boehme et al [60] deposited nanocubes Sm2O3 thin film by simple and cost-affective 

electroless deposition method. Kumbhar and Lokhande [61] synthesized dysprosium 

(Dy) thin film by electrodeposition route. Ramay et al [62] prepared cubic Dy2O3 thin 

film via magnetron sputtering (MS) over various substrates method. Jundhale and 

Lokhande [63] fabricated samarium (Sm) thin films by electrodeposition method. 

Jundhale and Lokhande [64] obtained orthorohmbic samarium telluride (SmTe) thin 

films via simple electrodeposition route. Jundhale and Lokhande [65] reported optical 

band gap of 2.08 eV for cubic samarium sulfide (Sm2S3) thin film by electrodeposition 

method. Jundhale and Lokhande [66] showed band gap of 2.52 eV for electrodeposition 

method deposited SmTe thin film. Jeong and Bae [67] obtained Y2O3 nanopowder by 

solvothermal method.  Mohite et al [68, 69] synthesized yttrium selenide (YSe) and 

yttrium sulfide (YS) thin films by electrodeposition method and reported band gaps of 

1.6 and 1.85 eV, respectively. Mohite and Lokhande [70] prepared YSe thin film by 

electrodeposition method and reported band gap of 1.84 eV. 
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Table 1.1: Literature survey on rare earth chalcogenide thin films and their physical properties 

Sr. No. Material Deposition method Crystal structure Band gap (eV) Ref. No. 

1 La2O3  CBD Hexagonal 4.1 [46] 

2 Sm2O3 RF sputtering - 4.5 [47] 

3 La2O3  Spray pyrolysis Hexagonal 4.2 [48] 

4 CeS2  CBD Nanosheets 3.4 [49] 

5 La2O3  CBD Hexagonal - [50] 

6 Dy2O3  Thermal evaporation Cubic 5.8 [51] 

7 CeO2  Pulsed laser deposition Cubic - [52] 

8 CeO2  Spin Coating Cubic 3.4 [53] 

9 Nd2S3  MOCVD Amorphous 2.3 [54] 

10 Sm2O3   Reactive sputtering Monoclinic - [55] 

11 La2O3  Atomic layer deposition Hexagonal - [56] 

12 La2O3  Sol–gel - - [57] 

13 Y2O3  Ion beam sputtering Cubic - [58] 

14 Y2O3  sputtering Cubic - [59] 

15 Sm2O3   Electroless - - [60] 

16 Dy   Electrodeposition - - [61] 

17 Dy2O3  Magnetron sputtering Cubic - [62] 

18 Sm    Electrodeposition -  [63] 

19 SmTe   Electrodeposition Orthorhombic - [64] 
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20 Sm2S3 Electrodeposition Cubic 2.08 [65] 

21 SmTe   Electrodeposition - 2.52 [66] 

22 Y2O3  Solvothermal Cubic - [67] 

23 YSe Electrodeposition - 1.6 [68] 

24 YS Electrodeposition - 1.85 [69] 

25 YSe Electrodeposition - 1.84 [70] 

Table 1.2: Literature survey on rare earth chalcogenide thin films for supercapacitor performance 

Sr. 

No. 

Material Deposition 

method 

Surface  

morphology 

Electrolyte 

Used 

Specific 

capacitance 

(F g-1) 

Energy 

density 

(Wh kg-1) 

Power 

Density 

(kW kg-1) 

Stability 

 

Ref. 

No. 

1 La2O3  CBD Rod-shaped 1 M KOH 147 - - 2000 (96%) [78] 

2 La2O3  Hydrothermal Rod-like 1 M KOH 248 80 1.5 1000 (81%) [79] 

3 La2O3  CBD Rod-like 1 M KOH 288 42.9 0.10 2000 (92%) [80] 

4 α-La2S3   SILAR Nano-grains 1 M LiClO4 256 - - 1000 (85%) [75] 

5 La2S3   CBD Grains 1 M LiClO4 294 - - 1000 (89%) [81] 

6 La2S   Hydrothermal Nano-petals-like 1 M Na2SO4 121 - - - [82] 

7 La2S3  SILAR Wave - like 1 M Na2SO4 358 1.26 - 1000 (78%) [83] 

8 La2Se3   CBD Nano-rods 2 M KOH 331 - - 1000(81%) [84] 

 9 La2Se3  SILAR Nan- flakes 1M LiClO4 363 80 2.5 1000 (83%) [85] 
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10 La2Te3 CBD Cinnamon-like 1 M KOH 469 126 1.5 1000 (71%) [76] 

11 La2Te SILAR Pine leaf-like 1 M 

LiClO4-PC 

194 60 4.22 1000 (82%) [86] 

12 Sm2O3 Hydrothermal Ground-nuts 1 M KOH 155 - - - [87] 

13 Sm2S3 

 

SILAR Honycomb    1 M 

LiClO4 

294 48.9 - - [74] 

14 Sm2Te3 

 

CBD Barley-like 1 M 

LiClO4-PC 

207 

 

25.60 

 

14.18 - [88] 

15 Sm2Te3 

 

SILAR Cloud like 1 M 

LiClO4-PC 

144 

 

10 

 

- - [89] 

16 Sm2Se3 

 

CBD Nano-rods 1 M 

LiClO4-PC 

316 - - 1000 (87%) [90] 

17 Yb2S3 Hydrothermal Nanoparticles and 

Nanorods 

1 M  

Na2SO4 

270 - - 1000 (78%) [91] 

18 Se  CBD Nanocubes 1 M  

Na2SO4 

22 2.04 - 1000 (91%) [92] 

19 CeO2 Hydrothermal Nanoparticles 1 M NaCl 523 - - 2000 (82%) [93] 
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1.2.2 Literature survey on rare earth chalcogenide thin films for supercapacitor 

performance: 

Table 1.2 demonstrates the surface morphology, Cs, stability, energy density 

and power density values exhibited by various rare earth metal chalcogenide materials 

using various chemical methods with different electrolyte solutions. The REM 

chalcogenide thin films received great attention because of their good chemical, 

electrical and physical characteristics that are helpful in various applications such as 

optical, electronic and optoelectronic devices [71, 72]. It is a new class of energy 

storage material. Recently, the nano and microstructured REM chalcogenides thin films 

have been studied for energy storage application because of the wider potential 

window, better charge-discharge performance and energy density. For the higher 

technological supercapcitive devices, they possess unique and superior property, 

suitable for wide potential applications [73]. The REM chalcogenide thin films showed 

excellent contribution in supercapacitive properties [74-76]. The REM chalcogenides 

show high Cs due to two or more oxidation states [77].  

Recently, Yadav et al [78] synthesized rod shape La2O3 thin film by CBD 

method and found Cs of 147 F g-1 at scan rate 5 mV s-1 in 1 M KOH electrolyte with 96 

% cyclic retention. Yadav et al [79] has deposited rod-like La2O3 electrode by 

hydrothermal method and reported Cs, energy density and power density of 248 F g-1, 

80 Wh kg-1 and 1.5 kW kg-1 with good cyclic stability. Yadav et al [80] prepared rare 

earth oxide (REO) such as La2O3 thin film material by CBD method for electrochemical 

behavior and reported Cs of 288 F g-1 with 92 % electrochemical stability in 1M KOH 

aqueous electrolyte. Patil et al [75] prepared nano-grains of lanthanum sulfide (α-

La2S3) thin films via successive ionic layer adsorption and reaction (SILAR) method 

and reported.  Ghogare et al [81] deposited nano petals-like lanthanum sulfide (La2S) 

electrode by hydrothermal method and obtained 121 F g-1 Cs at a scan rate of 5 mV s-1 

in 1M Na2SO4 electrolyte. Patil and Lokhande [82] obtained Cs of 294 F g-1 at a scan 

rate of 5 mV s-1 in 1 M LiClO4 electrolyte for SILAR synthesized grains-like La2S3 thin 

films. 

Patil et al [83] reported Cs of 358 F g-1 at a scan rate of 5 mV s-1 for SILAR 

deposited wave-like La2S3 thin films. Patil et al [84] has reported Cs of 321 F g-1 for 

nano-rods La2S3 thin films prepared by CBD method. Patil et al [85] showed maximum 

Cs of 363 F g-1 for SILAR synthesized nanoflakes lanthanum selenide (La2Se3) thin 

films. Patil et al [76] obtained Cs of 469 F g-1 at a scan rate of 2 mV s-1 in 1 M KOH 
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electrolyte for CBD deposited cinnamon-like lanthanum telluride (La2Te3) thin films. 

Patil et al [86] synthesized pine leaf-like La2Te3 thin films and obtained Cs of 194 F g-1 

at 5 mV s-1 scan rate in 1 M LiClO4-PC electrolyte. Ubale et al [87] deposited 

groundnuts-like nanostructured Sm2O3 thin films through a facile and one-step 

hydrothermal method and delivered Cs of 155 F g-1.  

Kumbhar et al [74] prepared honeycomb-like samarium sulfide (Sm2S3) thin 

films and showed 294 F g-1 Cs at scan rate 5 mV s-1 in LiClO4 electrolyte. Kumbhar et 

al [88] reported Cs of 207 F g-1 for barley-like Sm2Te3 films prepared via simple 

SILAR method. Kumbhar et al [89] obtained cloud-like Sm2Te3 thin films which 

showed Cs of 144 F g-1 at a scan rate of 5 mV s-1. Kumbhar et al [90] reported Cs of 

316 F g-1 at a constant scan rate of 5 mV s-1 for CBD synthesized cross-linked nanorods 

Sm2Te3 thin films. The Cs values are mainly depending on the surface texture, which 

has been investigated extensively. Pujari et al [91] showed Cs of 270 F g-1 for 

hydrothermally prepared monoclinic or nanoparticles and distributed nanorods-like 

ytterbium sulfide (Yb2S3) thin films. Patil et al [92] deposited cube-like selenium thin 

films by CBD method and reported 22 F g-1 in 1 M Na2SO4 electrolyte. Pandit et al [93] 

obtained the Cs of 523 F g-1 in 1 M NaCl solution for one-pot hydrothermally 

synthesized nanoparticles cerium oxide (CeO2) thin films.  

Conclusions: 

The REM chalcogenides thin films have been synthesized by different chemical 

methods such as SILAR, CBD, spray pyrolysis, electrodeposition and hydrothermal. 

Moreover, the electrochemical behavior of REM chalcogenides thin films has been 

studied mostly in the aqueous and non-aqueous electrolytes such as KOH, NaOH, 

Na2SO4 and PC-LiClO4. In REM chalcogenides, particularly metal telluride showed 

excellent electrochemical properties in KOH electrolyte, which was prepared by CBD 

method. 

1.2.3 Literature survey on graphene oxide (GO) based composite thin films for 

supercapacitor performance: 

Table 1.3 displays the surface morphology, stability, specific capacitance, 

energy and power density values exhibited by various GO based composite materials 

using various chemicals methods with different electrolyte solutions. Gund et al [94] 

synthesized porous nanograins GO/Mn3O4 composite thin film via SILAR method for 

electrochemical study and exhibited maximum Cs of 344 F g-1 at a scan rate of 5 mV s-1 

in 1 M Na2SO4 electrolyte and excellent stability over 3000 cycles. Zang et al [95] 
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reported 500 F g-1 Cs in 1 M KOH electrolyte for sandwich-like GO/conducting 

polymer composite electrode by the exfoliation method. Nwankwo et al [96] prepared 

slab-like GO/Mn3O4 composite electrode by using SILAR method and obtained Cs of 

532 F g-1 in 1 M KOH electrolyte with better cyclic stability of 97 % for 2000 cycles. It 

delivered energy density and power density of 61 Wh kg-1 and 0.6 kW kg-1. Patil et al 

[97] showed highest Cs of 623 F g-1 and 98 % stability in 1 M Na2SO4 electrolyte for 

deposited nanosheets GO/MoS2 composite electrode via electrophoretic method. Khalid 

et al [98] deposited GO/PANI nanoplatelates-like composite electrode by 

electrodeposition method and exhibited maximum Cs of 623 F g-1 and achieved energy 

density of 64.5 Wh kg-1 at power density of 1.15 kW kg-1 in 1 M H2SO4 electrolyte. 

Ghogare et al [99] studied electrochemical performance of nano-strips-like GO/Sm2S3 

composite electrode deposited by SILAR route. It showed maximum Cs of 360 F g-1 

with electrochemical stability of 88 % for 2000 cycles. Ghogare et al [100] exhibited 

312 F g-1 Cs and cyclic stability of 94 % for SILAR deposited grass-like GO/Sm2S3 

composite electrode. Konwer et al [101] obtained GO/PANI composite electrode by 

using polymerisation method and showed 543 F g-1 Cs in 1 M KCl solution. Huang et 

al [102] prepared hollow sphere-like GO/CNT electrode using the solvothermal route 

and reported Cs of 2317 F g-1 and cyclic stability of 96 % over the 2000 cycles in 6 M 

KOH electrolyte. Aboutalebi et al [103] investigated supercapacitor behaviour of 

nanosheets-like GO/MWCNT thin film prepared by the exfoliated route and showed Cs 

of 251 F g-1. Singhal et al [104] showed 597 F g-1 Cs and 80 % stability over 5000 

cycles for hydrothermally synthesized nanocrystals GO/CuS composite electrode in 1M 

KOH. Wan et al [105] deposited porous nanodiscs-like GO/ZnS composite thin film via 

one-pot hydrothermal route and reported Cs of 327 F g-1 with the stability of 95 %  over 

long cycles (10000) in 3 M KOH. 

Conclusions:  

The literature survey shows that, GO-based composite thin films have been 

prepared for physical and chemical methods. However, chemical methods showed 

better supercapacitive performance, particularly SILAR. The GO-based thin films 

showed enhancement in the specific capacitance, energy density and electrochemical 

stability.
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Table 1.3: Literature survey on GO based  composite thin films  for supercapacitor performance 

 

Sr. 

No. 

Material Deposition 

method 

Surface  

morphology 

Electrolyte 

used 

Specific 

capacitance  

(F g-1) 

Energy 

density 

(Wh kg-1) 

Power 

Density 

(kW kg-1) 

Stability 

 

Ref. 

No. 

1 GO/Mn3O4  SILAR Porous 

Nanograins 

1 M  Na2SO4 344 100 1.03 3000 (87%) [94] 

2 GO/conducti

ng polymer 

Exfoliated 

method 

Sandwich -like 1 M KOH 500 - - 1000 (70%) [95] 

3 GO/Mn3O4  SILAR Slab-like 1 M  Na2SO4 532 61 0.6 2000 (97%) [96] 

4 GO/MoS2  Electrophoretic 

method 

Nanosheets 1 M  Na2SO4 623 23 17 1000 (98%) [97] 

5 GO/PANI  Electrodeposition Nanoplatlates 1 M H2SO4 662 64.5 1.15 - [98] 

6 GO/Sm2S3  SILAR Nano-strips-like 1 M  Na2SO4 360 - - 2000 (88%) [99] 

7 GO/La2S3   SILAR Grass - like 1 M Na2SO4 312 - - 1000 (94%) [100] 

8 GO/PANI  Polymerization Pore galleries-

like 

1 M KCl 543 - - - [101] 

9 GO/CNT 

 

Solvothermal Hellow spheres 6 M KOH 2317 - - 1200 (96%) [102] 

 

10 GO/MWCNs 

 

Exfoliated 

method 

Nanosheets 1 M H2SO4 251 - - 1000 

(105%) 
[103] 

11 GO/CuS  Hydrothermal Nanocrystales 1 M KOH 597 12 5.5 5000 (80%) [104] 

12 GO/ZnO Hydrothermal Porous 

Nanodiscs-like 

3 M KOH 327 11.8 - 10000 

(95%) 
[105] 
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1.3 Orientation and purpose of dissertation: 

Energy crisis in the 21st century, since the rapid growth of global economy, 

depletion in fossil fuels and boosting pollution needed for the development of clean, 

renewable and efficient energy sources. Among the many energy storage devices, 

supercapacitors have been regarded as an extensive replacement for the batteries. 

The purpose of supercapacitor has many potential features in their performance, 

including superior stability, high power density, and fast charging-discharging times. 

For the supercapacitor practical applications, it is essential to enhance the energy and 

power density of supercapacitor without compromising its other properties. The 

overall performance of efficient supercapacitor generally arises from its high surface 

area as well as fast and reversible redox reactions of active materials. Therefore, the 

design and development of proper electrode material created an opportunity in the 

field of supercapacitors.  

The literature study shows that, many materials including REM metal 

oxides/sulfides, carbon materials, conducting polymers and or their composites have 

been studied as an electrode material for the fabrication of supercapacitors. The 

recent trends of research are focused towards the deposition of mixed metal 

oxides/sulfides or carbon-based composite materials to better supercapacitive 

performance with energy density and power density. The rise in both the operating 

potential window with an energy density of metal sulfide based electrodes result in 

the enhancement in the overall supercapacitor performance. GO composite with 

REM sulfides are the scantly studied materials which have potential in the field of 

the supercapacitor. To develop the high-performance efficient supercapacitors, it is 

essential to fabricate advanced electrode material, which is capable of high Cs with 

enhanced energy density without compromising its power density. The main purpose 

behind making GO/Yb2S3 composite thin film is to accomplish improvement in 

supercapacitive performance and energy density.  

The current study is concerned with the preparation, characterization and 

electrochemical performance analysis for chemically synthesized Yb2S3, GO and GO 

composite with Yb2S3 thin films. The high reduction potential of ytterbium with the 

number of oxidation states (Yb2+ and Yb3+) and GO may be useful to enhance the 

operating potential window with energy as well as power densities for supercapacitor 

device. The low temperature chemical methods are used to deposit thin films. These 
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chemical methods are binder-free, cost-effective simple, and convenient for large scale 

area deposition than the physical methods. Also, the synthesis of thin films, there is no 

need for high-temperature furnaces and high vacuum. The preparative parameters such 

as dipping time, rinsing time, the concentration of precursors, complexing agent, pH 

of the solution, deposition time and bath temperatures are used in chemical methods. 

All the preparative parameters are simply controllable. At low temperature depositions 

are carried out which helps to avoid oxidation or corrosion of metal electrodes. In 

chemical methods, the nucleation and growth process plays a vital role to deposit 

nanocrystalline materials. The different chemical methods include sol-gel synthesis, 

hydrothermal, electrodeposition, SILAR, spin coating, CBD, spray pyrolysis etc.  

The chemical electrodeposition method requires current and/or potential 

controlled driving force for a particular species to be synthesized by means of reduction 

over the substrate and deposition is possible only for conducting substrate. The 

hydrothermal method requires as an extra source of heat in a controlled atmosphere to 

increase the temperature and thereby pressure at the desired level to carry out chemical 

reactions. Similarly, the spin coating method needs an additional energy source to 

control and maintain a rotating speed of motor used in the film deposition. Among 

these methods, SILAR and CBD are binder-free, cost-effective and simple for 

deposition of thin films. By these chemical methods, the preparation of thin films is 

possible for conducting or nonconducting substrates.  

In this work, Yb2S3, GO and GO composite with Yb2S3 thin films are prepared 

using SILAR and CBD methods. The CBD method basically depends upon the 

solubility product of a compound to be formed in the bath. When ionic product exceeds 

its solubility product, cations and anions of a compound to be formed, combine on the 

substrate and/or in the solution and depending upon that the deposition is classified as 

heterogeneous or homogeneous. The SILAR is a modified version of the CBD method, 

which avoids the wastage of material.  

As a first part of the work, Yb2S3, GO and GO composite with Yb2S3 thin films are 

synthesized via SILAR and CBD methods. To deposit good quality films, many 

preparative parameters like as concentration of the solution, the temperature of the bath, 

pH, deposition time, rinsing time and dipping time are optimized. Consequently, thin films 

are characterized by elemental, structural, surface texture and wettability studies. The 

crystallite size and phase formation are investigated using X-ray diffraction (XRD) 
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technique. The elemental composition and presence of oxidation states are determined by 

X-ray photoelectron spectroscopy (XPS) technique. The formations of deposited materials 

are confirmed using Fourier transform Raman spectroscopy (FT-Raman) and Fourier 

transform infrared spectroscopy (FT-IR) techniques. The wettability of films with 

electrolyte is studied using contact angle measurement technique. The surface nature and 

particle size of the films surface material is investigated via field emission scanning 

electron microscopy (FE-SEM) and transmission electron microscopy (TEM) techniques. 

The electrochemical properties of Yb2S3, GO and GO composite with Yb2S3 

thin films are studied by various supercapacitive techniques such as cyclic voltammetry 

(CV) Galvanostatic charge discharge (GCD) and electrochemical impedance 

spectroscopy (EIS) techniques. These techniques are carried out to identify the current-

voltage, time-voltage behavior and resistive parameters of the film in three-electrode 

system using the aqueous electrolyte. Electrochemical sueprecapacitive study is carried 

out in three-electrode system consisting of the prepared electrode (Yb2S3, GO and GO 

composite with Yb2S3) as a working electrode, platinum as a counter electrode and 

mercury/mercury oxide electrode (Hg/HgO) as a reference electrode.  

The main purpose of this work is to increase the Cs, energy density as well as 

power density for supercapacitor using rare earth sulfide material and its composite 

with GO. The aim is the preparation of GO, Yb2S3 and GO/Yb2S3 composite thin films 

by facile, simple and binder free chemical methods (SILAR and CBD). In addition, 

symmetric and asymmetric supercapacitor devices based on best supercapacitive 

properties of Yb2S3, MnO2 and GO/Yb2S3 composite thin film electrodes are fabricated. 

Finally, their supercapacitive performances are evaluated to find out Cs and resistive 

parameters such as Rs, Rct and W, as well as energy and power densities. 
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2.1 General introduction: 

This chapter elaborates the introduction of thin films with the theoretical 

background of chemical deposition methods. In this chapter, successive ionic layer 

adsorption and reaction (SILAR) and chemical bath deposition (CBD) methods are 

discussed in detail. The thin film characterization techniques for structural, wettability 

and surface morphological studies are discussed. Moreover, the electrochemical 

supercapacitor performances and parameters of the supercapacitor are explained at the 

end of this chapter. 

2.2 Introduction to thin films: 

The recent vast attention is focused on thin film technology due to their use in 

various thin film applications because of their particular electrical, optical and magnetic 

characteristics. This technology is utilized on the basis of specific features of film 

materials that can be simply controlled using various preparative parameters. The 

properties of materials in the bulk significantly differ when examined in the case of thin 

films. A material film is known as thin film when its thickness is in the range of 

fractions (nanometer to less than one micrometer) or a surface bounded between two 

parallel planes extending infinitely in two directions restricted in dimension along third 

direction. 

For the preparation of thin films, there are two main synthesis approaches used 

as physical and chemical methods. Chart 2.1 demonstrates the brief taxonomy of thin 

film synthesis methods. In the physical thin film deposition methods, sputtering [1] and 

vacuum evaporation [2] are  main fundamental subtypes, which  are further classify 

into magnetron sputtering [3], Radio frequency (RF) sputtering [4], electron beam 

evaporation [5] and laser evaporation [6]. 

The sputtering method relies on plasma to knock out material from a target in a 

few atoms at a time. At a low temperature evaporation rate is very low/negligible, 

therefore the target always kept at a lower temperature. Physical methods necessitate 

high vacuum with high working temperature, high cost, cleaning of deposition chamber 

after every deposition, small area deposition, etc. The gas phase and liquid phase are 

the two main categories of chemical technique [7, 8]. The gas phase involves plasma 

enhanced chemical vapour deposition (PE-CVD), chemical vapour deposition (CVD), 

laser chemical vapour deposition (L-CVD), metal organic chemical vapour deposition 

(MO-CVD), plasma photochemical vapour deposition (PC-CVD), etc [9-13]. 
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Chart 2.1: Brief taxonomy of thin film deposition methods.
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Liquid phase method involves electrodeposition [14], CBD, SILAR [15, 16], liquid 

phase epitaxy [17], spray pyrolysis [18], dip coating [19], spin coating [20], 

hydrothermal, etc. [21]. As compared to physical deposition methods, chemical 

deposition methods are well suitable for producing large scale surface area thin films. 

Also, the chemical methods are inexpensive, simple, environment friendly, minimum 

wastage of material, easily available, and carried out at low or room temperature for the 

deposition of rare earth chalcogenide thin films. 

2.3 Theoretical background of chemical methods: 

2.3.1 Layer-by-Layer method: 

The Layer-by-Layer (L-b-L) method is simple, inexpensive, binder-free and 

reliable for deposition of thin films at low or room temperature and also thickness 

controllable method. The schematic of L-b-L method is shown in Fig 2.2. 

 

Fig. 2.2:  The schematic of L-b-L method. 

In the L-b-L method, well polished substrate is immersed into a suspension of 

well dispersed solution consisting of the desired material and then substrate is dried in 

air. The size and thickness of thin films could be controlled by changing the number of 

dip and drying cycles in the suspension solution. Using this method method, films can 

be deposited on any type of shape and size of a substrate like cylindrical, spherical 

shapes. Also, the large area can be deposited on both sides of the substrate. High 

quality semiconducting or superconducting, insulator and conducting thin films on 

nanoparticles can be deposited by this method with good thickness and uniformity. The 

hydrophilic and hydrophobic nature of substrate plays a vital role while depositing the 
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material. In order to deposit or coat, surface activation, passivation and formation of 

nucleation centre are required in some of the cases.  

2.3.2 Chemical bath deposition (CBD) method: 

The CBD method is binder-free, simple and inexpensive method used for the 

preparation of thin film. It does not need vacuum system and other costly equipment 

and it depends upon the two main reaction mechanisms; one is homogeneous and the 

other is heterogeneous. This method gives easy control over the preparative parameters 

to attain the better thickness of thin film. Mane and Lokhande [22] have explained CBD 

method reaction mechanism for film formation with the effect of preparative 

parameters in detail. Many review articles have discussed on the chemical methods for 

thin film deposition [22-26]. The experimental setup for the synthesis of metal sulfide 

thin films using CBD method is demonstrated in Fig. 2.3.  

 

Fig. 2.3: The schematic of CBD method. 

2.3.2.1 Concept of ionic and solubility product: 

 When, sparingly soluble salt XY, placed in water, a saturated solution 

containing X+ and Y- ions in contact with un-dissolved solid XY are obtained and 

equilibrium is established between the solid phase and ions in the solution as, 

XY(S)  X   Y  By the law of mass action to equilibrium condition,                  (2.1) 

M = C+
x . C-

y  / Cxy (S)                                                                                      (2.2) 

Where, C+: concentrations of X+, C-
y: concentrations of Y- and C xy: concentrations of 

XY ions in the solution. The concentration of a pure solid phase is a constant number, 

 i. e. Cxy (S) = constant = M'  

M = C+ 
x . C-

y / M'                                                                                                        (2.3)  
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M M' = C+
x  . C-

y                                                                                                          (2.4)  

Since, M and M' are constant, the product MM' is also constant, say Ms, 

therefore above equation becomes, 

Ms  C
x . C

y                                                                                                              (2.5)  

            Ms is known as solubility product (SP) and (C
x . C

y) is known as the ionic 

product (IP). In case of saturated solution, the IP of ions is equal to the SP. But when IP 

exceeds the SP i.e. IP/SP = S > 1, the solution is supersaturated, precipitation occurs 

and ions combine on the substrate and in the solution to form nuclei [22, 27].  

2.3.2.2 Theoretical background of nucleation and growth:  

2.3.2.2.1 Basics of nucleation and growth: 

Chemical methods consist of nucleation and growth; we will treat the ion-by-ion 

and hydroxide cluster mechanisms independently. 

a) Ion-by-ion growth mechanism: 

For homogenous nucleation requires a high degree of saturation in the ion-by-

ion growth mechanism. The presence of free particle, the surface introduces a degree of 

heterogeneity that facilitates nucleation. For this reason deposition proceed by the ion-

by-ion mechanism. The surface can be admitted as a catalyst for the nucleation. 

b) Hydroxide cluster mechanism: 

In hydroxide cluster mechanism, nucleation of chalcogenide is easy, since a 

solid phase, the previously present metal hydroxide and the process are proceeding by 

substitution reaction over that the solid phase. In this case, initially the deposition is the 

adhesion of hydroxide to substrate.  

Advantages of CBD method: 

 i) It is a binder-free, simple, inexpensive method for deposition of the large scale area 

films.  

ii) Low/room temperature the preparation of thin film can be carried out. 

iii) Different types of substrates can be used. 

iv) It does not necessarily require vacuum or costly instrument at any stage.  

v) Stoichiometric synthesis is achieved since the fundamental building blocks are ions 

rather than the atom.  

vi) It results in uniform and pinhole-free preparations as the solution always remains in 

touch with the substrates. 
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vii) The preparative parameters such as concentration, deposition time etc. affecting 

thickness of film can be easily controlled. 

viii) The toxic gases are not evolved. 

2.3.2.3 Role of preparative parameters: 

The experimental set up used for synthesis of metal chalcogenide thin films is 

illustrated in Fig. 2.3. The rate of deposition and thickness of thin film depend upon 

various factors like solution supersaturation state, stirring rate, number of nucleation 

sites, etc. The growth kinetics of the thin film deposition based on the solute 

concentration i.e. number of ions presence in the bath and their velocities. The 

synthesis parameters are explained as following: 

A) pH of the bath:  

The pH is nothing but the negative logarithm of H+ ions concentration, which is 

restricted by using complexing agent. The rate of reaction and rate of film deposition 

depends upon the supersaturation state. If solution is less supersaturated, then the rate 

of MX formation is slower (where M and X is the number of metal and chalcogenide 

ions, respectively). The formation of many X ions from a particular anionic source 

basically depends upon the solution pH. When the bath pH is raised, the formation rate 

of X ions will decrease and hence, the rate of formation will be slowed down. If pH is 

decreased, the concentration of X ions raises to make the formation of possible thin 

film. 

B) Complexing agent: 

To embrace the metal cation and avoid the precipitation of material to be 

formed is the function of complexing agent. During the film formation process, it 

slowly releases the cations to react with anions in the bath. However, if the 

concentration of complexing agent is increased, then metal ion concentration decreases.  

As a result, the reaction rate and precipitation are reduced, this leads to the slow rate of 

deposition film. 

C) Temperature: 

The film formation rate depends on the temperature. With increase in the 

temperature, dissociation rate of complexed anions and cations increases. This results 

into higher concentrations of M+ and X− ions and hence the deposition rate. But in 

several cases, the thickness of film may be reducd at the higher temperature. For e.g., 

when solution is supersaturated at the less pH with increase in temperature, this leads to 
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formation of precipitate and the thickness of film is low. On the other hand, at higher 

pH values, precipitation is greatly reduced due to less supersaturation and material is 

formed over the surface of substrate. Moreover, by keeping higher pH, when 

temperature is raised, more M+ and X− ions are available to form MX and therefore, the 

higher thickness film is obtained. 

D) Concentration: 

In this case, MX with greater film thickness is obtained. But, when X− ion 

concentration is boosted beyond some limit, then rate of precipitation raises leading to 

low quantity of MX over the surface of substrate which results into less film thickness. 

E) Substrate: 

 The substrate to be used for the formation of thin films, also plays a significant 

role in deciding thickness of film and deposition rate. When the deposited material 

lattice matches with substrate, the less change in free energy, this is facilitating the 

nucleation and further growth of film. 

2.3.3 Theoretical background of successive ionic layer adsorption and reaction 

(SILAR) method:  

2.3.3.1 Basics of SILAR method:  

The best characteristics of thin film formation such as adherent, uniform and 

thin are possible using SILAR method. In CBD method, the thin film formation takes 

place when IP exceeds the SP. But, the formed precipitate in the bulk of solution cannot 

be avoided. In order to evade such loss of material or unnecessary precipitation, SILAR 

is a modified version of CBD method. In the mid-1980, the SILAR method was used 

for the synthesis of metal chalcogenide thin films [24]. Ristov et al [25] originally 

reported a SILAR method as a versatile chemical immersing method. Nicolau and 

Menard [26] preferred the name as SILAR. SILAR is a successive ionic layer 

adsorption and reaction method. Generally, the SILAR method includes adsorption, 

reaction and rinsing. This method mainly depends upon adsorption and reaction 

mechanism. Fig. 2.4 shows the schematic of SILAR deposition method. 

(A) Adsorption: 

The first step of deposition of thin film is adsorption process, where the cations 

are adsorbed over the substrate surface and Helmholtz electric double layer is formed, 

which is formed owing to the chemical or Van der Waals force and it is composed 



Theoretical background of thin film, synthesis methods, characterization and 

supercapacitor 
 

Chapter-II Page 32 
 

couple layers. The positively charged cations form inner electric layers. The second 

layer is negatively charged anions having the counter layer of cations.   

 

Fig. 2.4: The schematic of SILAR deposition method. 

 (B) Rinsing-I: 

The use of rinsing-I is to eliminate the loosely/unbounded adsorbed cations over 

the surface of a substrate. Generally, for the rinsing of film material, double distilled 

water (DDW) is used.  

(C) Reaction:  

From the anionic precursor solution, anions react with pre-adsorbed cations and 

form a molecule/compound.  

(D) Rinsing- II:  

In this step, eliminate the unreacted and excess species, and a byproduct of reaction 

from a diffusion layer. Generally, DDW is used as a rinsing purpose.  

The deposition of thin film mainly based on the thicknesses of film, which is 

controlled by varying various preparative parameters such as bath temperature, cations 

and anions concentrations, complexing agent, adsorption, rinsing and reaction time.  

SILAR method advantages: 

The SILAR method advantages are as follows  

a) It is a binder-free, eco-friendly, simple and convenient method for deposition of a 

large area thin films. 

b) This method is carried out at low/room temperature.  
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c) The rate of deposition can be easily controlled. 

d) Any type of substrate can be used. 

e) This method does not need a vacuum/high quality targets at any stage.  

f) The film thickness can be simply controlled by changing the deposition parameters 

[28]. 

2.3.3.2 Effect of preparative parameters: 

In SILAR method, the growth kinetics is based on ion concentration, adsorption 

and reaction time, rinsing time, temperature and complexing agent. The various 

preparation parameters are discussed as follows, 

(I) Concentration:  

The growth of film is affected by varying the precursor solution concentration, 

in the chemical deposition methods. If the concentrations of metal ions are more than 

the certain ion concentration, the rate of reaction becomes greater and less film 

thickness is obtained. More concentration of metal ion results in formation of higher 

film thickness. 

 (II) pH:  

For higher value of pH, the reaction rate rapidly increases or decreases and at a 

certain value of pH, the metal ion concentration decreases to a level that the IP of metal 

and chalcogenide becomes less than the metal chalcogenide SP and the film will not be 

formed.  

(III) Temperature: 

Film thickness variation can be possible by changing the bath temperature. The 

compound anion and dissociation of complex depend upon the temperature. The 

dissociation is greater at high temperature and resulted in higher deposition rate. At 

lower/room temperature the rate of film formation is slow. The thickness of film is 

boosted with boost the temperature linearly.  

(IV) Complexing agent:  

The concentration of metal ions can be restricted by drop wise adding 

complexing agents. Increase in the complexing agent concentration decreases the metal 

ions concentration. Therefore, the reaction rate and formation of a precipitate are 

reduced leading to higher terminal film thickness. The thin film deposition over surface 

of substrate is due to only adsorption phenomenon. The thin film development occurs 

via a combination of rescued metal ions from the metal ions complex and chalcogenide 
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sources. Ethylenediaminetetraacetic (EDTA), tartaric acid (TA), citric acid (CA), oxalic 

acid (OA), triethanolamine (TEA) are some common complexing agents. 

(V) Adsorption and reaction time: 

The adsorption and reaction time play vital role in the deposition of thin film. 

When adsorption time is more than reaction time, the film formation takes place by 

assorted reaction and results into large terminal thickness. The equal adsorption and 

reaction time results into consistent reaction which provides uniform and adherence 

film formation. 

(VI) Rinsing time: 

It is the most essential step in the thin film formation. If the rinsing time is 

lower than required, loosely/unabsorbed cations may not be eliminated completely from 

the surface of substrate. Sufficient rinsing time provides uniform and good quality film.  

2.4 Thin film characterization techniques: 

2.4.1 X-ray diffraction (XRD) technique: 

The XRD technique is used to determining the atomic spacing and crystal 

structure. Max von Laue in 1912 discovered that the crystalline substances act as three-

dimensional (3D) diffraction gratings for XRD wavelengths similar to the spacing of 

planes in crystal lattice. The XRD investigation primarily depends on the crystalline 

samples and constructive interference of monochromatic X-ray. If once the X-rays are 

generated from a cathode ray tube (CRT) and filtered to construct monochromatic 

radiation. Then, the monochromatic radiation collimates and highly concentrated 

towards the applied sample. While, the X-rays are partially distributed by atoms of a 

crystal, also they are strike on the crystal surface. The remaining X-rays are again 

scattered by atoms in the next layer of atoms. In that way, the diffraction pattern form.  

The diffraction pattern illustrates the peak, when the X-rays are diffracted by two 

different layers are in phase then the constructive interference occurs. If the X-ray 

beams are diffracted by two different layers and when it is out of phase, then there is no 

peak due to the destructive interference. The Bragg’s conditions satisfy then XRD 

diffraction peaks are occurring [29], 

2d sin θ = n λ                                                                                                               (2.6) 

Where, d, θ, n, and λ are the interplanar distance, angle of incidence or Bragg’s angle, 

an integer and wavelength of X-ray, respectively.  

For determination of sample crystal structure three methods are used. 
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i) Laue method, ii) Rotating crystal method and iii) Powder method.  

Laue method is an oldest method and it is used to find out of crystal structure, 

where X-ray wavelength is variable, and incidence angle is not variable. In rotating 

crystal method, the incidence angle is fixed and wavelength of X-ray is variable. 

 

Fig. 2.5: (A) Photograph of Rigaku Miniflex-600 XRD unit and (B) the schematic of 

X-ray diffractometer [30]. 

For the simply examination of sample crystal structure, powder method is 

generally used. In case of powder method, the X-ray wavelength is fixed, and incidence 

angle is variable. Fig. 2.5(A) demonstrates the photograph of Rigaku Miniflex-600 

XRD unit and Fig. 2.5(B) shows the schematic of X-ray diffractometer. The average 

crystalline size, (D) of prepared material is calculated from Scherer’s equation [31]. 

D K.λ / β.cosθ                                                                               (2.7)  

Where, K λ, and are the constant, X-ray wavelength (1.54 Å), full width and half 

maxima (FWHM) and Bragg’s angle, respectively. 

2.4.2 X-ray photoelectron spectroscopy (XPS):  

To identify the chemical state, elemental composition and quantity of elements 

exist on the surface of the material, XPS is a strong surface sensitive and quantitative 

spectroscopic technique. The XPS spectrometer works on the principle of photoelectric 

effect, which can be interpreted from the following relation [33]. 

Ek = hν-BE-φ                                                                                                               (2.8) 

where, Ek, hν, BE and φ are the ejected photoelectron kinetic energy owing to 

bombarded of X-ray photon from the shell, the incident X-ray photon energy, the 

binding energy of the electron in the shell and work function, respectively.  
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Fig. 2.6: Ejection of photoelectron after bombardment of Al Kα (hν = 1486.6 eV)/Mg 

Kα (hν = 1253.6 eV) radiations in the XPS measurements [32]. 

 

Typically, in the performing procedure of XPS spectroscopy, the sample surface 

is bombarded regularly with X-ray source Al Kα radiations (hν = 1486.6 eV)/Mg Kα 

(hν = 1253.6 eV), which generates the emission of photoelectrons from the surface of 

the sample as illustrated in the Fig. 2.6. An analyzer of electron energy is characteristic 

of the element to measure the energy of emitted photoelectrons. These emitted electrons 

kinetic energy is a characteristic of the element, from which the photoelectrons are 

originated. The intensity and positions of peaks in an energy spectrum provide the 

desired chemical state with quantitative information. From intensity of photoelectron 

peak and binding energy, the chemical state, elemental identity, and quantity of 

detected elements can be determined. The average depth is found to be approximately 5 

nm as per analysis by XPS measurement. The basic requirements of photoemission 

experiment are, 

 (a) An X-ray radiation source with fixed energy.  

 (b) An electron energy analyzer (which scatter the emitted electrons with kinetic 

energy, and thereby estimate an emitted electron energy flux). 

 (c) A vacuum condition (to enable the emitted photoelectrons study without 

interference from the collisions of gas ions/molecule). 

2.4.3 Fourier transform Raman spectroscopy (FT-Raman):. 

It is a significant practical tool used for speedily finding out molecules with 

specific molecular structures. When a radiation beam having a specific frequency is 
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traveled throughout a transparent sample, then the frequency of final state has fixed that 

of initial, this process is known as Rayleigh or elastic scattering. In case of inelastic 

scattering, the initial and final states have dissimilar frequencies. Generally, in the final 

state of scattering, the radiation beam has some other frequencies than the incident 

radiation. The anti-stokes line is because of the higher frequencies and the stokes line is 

because of lower frequencies than that of the incident radiation [37]. The molecule 

composed of vibrational spectrum is known as Raman band which represents the 

normal vibrations. The Raman band occurs owing to the Raman scattering with a 

change in rotational, electronic or vibrational energies of a molecule. Also, the atomic 

arrangement, chemical masses and bands of the atoms are more significant in the 

molecule for identification of molecule spectrum [38]. Fig 2.7 illustrates the block ray 

diagram of FT-Raman spectrophotometer 

 

Fig 2.7: The block ray diagram of FT-Raman spectrophotometer [36]. 

Theory: 

When a sample is exposed to monochromatic light in the visible region, the 

sample absorbs light and a major portion of it gets transmitted through the sample. 

However, a small part of the light gets scattered by the sample in every direction. The 

scattered and incident light has a particular frequency. When the scattering is observed 

at the right angle to the incident beam, 99 % of the scattered light has similar to 

incident light, this type of scattering is known as Rayleigh scattering. Only 1  % light 

scattered with various frequencies other than the incident frequency, which is known to 

Raman scattering.. 



Theoretical background of thin film, synthesis methods, characterization and 

supercapacitor 
 

Chapter-II Page 38 
 

 

Fig 2.8: Energy level diagram showing different states involved in Raman spectroscopy 

[39]. 

Raman scattering is a two-photon process. Electrons have various vibration 

levels which are defined by specific energy differences. When an incident 

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

energy from an incident photon and goes to a virtual state of energy. Electron falls back 

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

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

Therefore, the molecule doesn’t have any Raman active modes. The secondary photon 

has same frequency as the incident photon and Rayleigh scattering occurs, sometimes 

electrons while losing energy from the virtual state can fall back to vibration levels. 

Fig. 2.8 illustrates an energy level diagram indicating states involved in Raman 

spectroscopy 

The Raman shift (𝛥ν) is negative for anti-stokes and positive for stokes lines. 

The Raman spectrum gives the molecular finger print, which is different for different 

molecules. By investigating the Raman spectrum one can identify the rotational levels 

and thus a particular molecule. Similarly, the intensity of a particular Raman line helps 

to determine the concentration of a molecule in the sample.  

2.4.4 Field-emission scanning electron microscopy (FE-SEM): 

FE-SEM is a powerful technique used to the find out surface texture of 

deposited materials at high resolution [40]. As compared to other microscopies such as 
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optical and scanning electron microscopes, it uses electrons to illuminate sample 

surface. It is capable of imaging at more magnification than the light microscopes, 

owing to a smaller wavelength of electrons as a comparison of visible light [41]. The 

lanthanum hexaboride and tungsten are used for filaments as common materials. It uses 

a field emission gun that has small electrostatic distortions and made a clear image with 

spatial resolution < 2 nm which is better as compared to SEM [42]. 

 

         Fig. 2.9: The block diagram of FE-SEM [43]. 

The emission sources are classified into two main categories such as field 

emitter and thermionic emitter. Electrons are generated from field emission sources and 

accelerated at an extremely high gradient of an electric field. In the big vacuum column 

(less than 7-10 Pa) released primary electrons are allowed to focus and deflect through 

electronic lenses which produce a narrow beam that bombards the object. The 

secondary electron lands on the lens detector and collected to produce an electronic 

signal. The recorded electrical signals are amplified and translated into a scanned 

image. The scanned images are seen on the display. Fig. 2.9 shows the block diagram 

of FE-SEM.  
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2.4.5 Transmission electron microscopy (TEM): 

In the recent period for all types of materials, morphological characterizations 

are very significant. To carry out the applied and fundamental research of material, 

surface morphological information is needed for its structural correlation.  

Transmission electron microscopy (TEM) is an important tool that can provide 

information up to nano-level [44]. The construction wise fundamental TEM comprises 

a vacuum system, an electron gun, high voltage generator, electromagnetic lenses, 

associated with electronic and recording devices. To illuminate the specimen, the TEM 

required an electrons source. The column of a microscope is maintained vacuum at the 

high level of scattering to prevent electrons via inside the microsphere atmosphere.  

 

Fig. 2.10: General layout of electron beam path in TEM [45]. 

Electrons are concentrated through a bunch of electromagnetic lenses over the 

specimen, which has been produced by electron transport by specific specimen 

preparation method. The specific specimen preparation method involves thinning the 

specimen either by electrochemical dissolution/by the bombardment with ions, the 

thickness range of the specimen is between 50-100 nm for it to be electron transparent. 

The bunch of lenses applied for concentrating the beams over the specific specimen is 

not forming an image of lenses. These lenses are illuminated a specific specimen from 

only one side. A bunch of lenses is utilized instead of a single lens to provide different 

illuminating conditions such as nano-beam illumination convergent beam illumination 



Theoretical background of thin film, synthesis methods, characterization and 

supercapacitor 
 

Chapter-II Page 41 
 

and parallel beam illumination. This also allows superior control over the beam size. 

The first ray forming lens is an objective lens. The image made by the objective lens act 

as an object to the succeeding lens and so on. In modern day, the TEM technique has 5 

to 6 image forming lenses. Fig. 2.10 illustrates the general layout of electron beam path 

in TEM. 

TEM reveals the details of interior structure-in some cases as tiny as individual 

atoms. It includes four parts given as follows, 

(I) Electron source:  

Electron source consists of anode and cathode. A cathode is a tungsten filament 

heated electromagnetically at a greater negative potential, emits electrons. The anode 

(At positive potential) accelerates electron beam towards sample specimen positioned 

below to anode as demonstrated in Fig. 2.10. 

 (II) Electromagnetic lens: 

An electromagnetic lens is a combination of aperture and magnetic lens. 

Magnetic lens produce a precise magnetic field, this acts as an optical lens for electrons 

to focus them. Aperture is a thin disc having a diameter of 2 to 100 µm used to remove 

unwanted electrons from hitting the specimen of a sample. Hence, the electromagnetic 

system allows well defined narrow energy electron to pass through to hit the target 

specimen under study. 

 (III) Sample holder: 

For position and movement of sample specimen, the sample holder is equipped 

with mechanical arm 

(IV) Imaging system:  

An imaging system includes an electromagnetic lens system and screen. 

Electromagnetic lens has two lenses; first is used for refocusing electron beam after 

transmitting through ultrathin sample specimen and second lens is used for enlarging of 

image on the project screen. 

The high resolution transmission electron microscopy (HR-TEM) images 

quality depends on the scattering effect; hence the sample preparation for HR-TEM 

must be done very well. A metal grid is used to support the sample, which is a flat disc 

with a mesh used to support a very thin section of sample. Fig. 2.11(A) shows the 

sample holder and Fig 2.11(B) shows the copper grid used to support the sample in this 

study. 
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To prepare a powder sample ready for HR-TEM measurement, a tiny quantity 

of powder is dispersed in a low boiling point solvent and ultrasonicated the solution. 

The tiny drop of solution is carefully put on the grid. In the present investigation, the 

HR-TEM images and selected area electron diffraction (SAED) patterns are collected 

through TEM unit.  

 

Fig. 2.11: Photographs of (A) TEM grid holder and (B) copper grid [46, 47]. 

2.4.6 Contact angle measurement system:  

The contact angle is a significant technique for the measurement of contact 

angle and thin film surface wettability. Also, using this technique, it is possible to 

determine the surface free energy. The capacity of thin film material to interact with 

liquid is wettability. Fig. 2.12(A) demonstrates the photograph of Rame-Hart contact 

angle meter. The contact angle image of a liquid sample on a solid thin film surface is 

illustrated in Fig. 2.12(B). 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 said to be hydrophobic and film surface is less wettable. The 

contact angle of material is above 170°, then it is said to be a super-hydrophobic 

surface. In the case of super hydrophilic nature, the contact angle is equal to or less than 

5° and the surface is highly wettable. The contact angle is less than 90°, then it is 

known as a hydrophilic nature surface and it is more wettable [48, 49]. For the 

measurement of contact angle, various methods are used. If the three phases are in 

equilibrium condition, then the net force is zero. The contact angle (θ) is determined by 

the Young’s equation [50],  

γs,v  γs,l  γl,v cosθ                                                                                                      (2.9)  

Where, γs,v, γs,l and γl,v are the solid-vapour, solid-liquid and liquid-vapour interfacial 

energies, respectively. 
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Fig. 2.12: (A) Photograph of Rame-Hart contact angle meter and (B) the contact angle 

image of a liquid drop on a solid thin film surface [51, 52].  

 

2.5 Theoretical background of supercapacitor: 

The supercapacitor is an electrochemical capacitor has energy density more than 

the conventional capacitor and power density more than a battery, which gains and 

delivers charges quickly. The supercapacitor possesses more benefits over the battery 

and conventional capacitor. The supercapacitor has long cyclic stability. It has high Cs, 

energy density, and power density. It is not harmful like a battery. Therefore, it is used 

in many applications like hybrid electric vehicles, telecommunication, light weight 

power supplies for small aircraft and backup for uninterruptable power supply. 

2.5.1 Supercapacitor device: 

 

Fig. 2.13: Types of supercapacitor device. 

 Fig. 2.13 shows the category of supercapacitor device. There are three types of 

supercapacitors like symmetric, asymmetric and hybrid supercapacitor devices. There 

are large numbers of research articles on the symmetric and asymmetric configuration 

of supercapacitive cells, and it is crucial to define average terminologies refer to these 

devices [53]. Moreover, these terms of symmetric, asymmetric and hybrid are used for 

devices only not to electrodes. The high-power devices and limited energy storing 
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capacity of capacitors while the batteries are the high-energy devices but low power 

density. The combination of both systems is expected to develop a high performance 

single device. 

            Symmetric supercapacitor (SSc) system can be fabricated using both similar 

electrodes of same charge storage mechanism. For example both are EDLC (like as 

carbon based electrodes such as activated carbon (AC) and carbon nanotubes (CNTs), 

etc.) or pseudocapacitor (metal oxide/hydroxide, sulfides, etc.) electrodes.  

           A new device designed by two different electrode materials with different charge 

storage mechanism or the electroactive materials having various ratios of the redox-

active sites is known as asymmetric supercapacitors (ASCs). Most of the time, the 

electrodes are based on the capacitive or pseudocapacitive mechanism, and the device 

can provide a wide working window with high energy density at high power rates and 

long-standing cyclic stability. The term asymmetric should only be used when 

pseudocapacitive or EDLC electrodes (both EDLC and both pseudocapacitive or one 

EDLC//one pseudocapacitive) are concerned. For examples AC//MnO2. 

           Hybrid system device can be assembled using two dissimilar electrodes of 

different charge mechanisms, for examples, one battery type pseudocapacitor (nickel 

hydroxide (Ni(OH)2)) and one capacitive AC [54-56]. These devices show the 

electrochemical signature in between battery-type and supercapacitor electrodes and 

defined as hybrid supercapacitor (HSc). In this device, the working potential window is 

utilized to reach the faradic potential battery like electrode, which enhances the energy 

storage ability of supercapacitor. The hybrid device shows more capacitive 

performance owing to hybridization [57-62]. 

           According to the thermodynamic, the SSc use same potential window electrodes 

to reach the extreme voltage for supercapacitor. On the other hands, ASCs and HSCs 

use the dissimilar potential windows of the negative and positive electrodes to reach the 

greatest working voltage for supercapacitor. As a result, to great extent improved 

energy storing ability is recorded for ASCs and HSCs supercapacitors. SSc does not 

require charging balance to reach the huge value of voltage and energy density. But 

charge balancing (Q+ = Q−) in the ASCs and HSCs supercapacitor electrodes is 

necessary to achieve the high voltage and energy storage values. Since, the stored 

charges are correlated to the specific capacitance (Cs), and mass (m) of the electrode, 
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the optimized mass ratio from the negative and positive electrodes can be calculated 

from the following relation [63-65], 

Q+ = Q−                                                                                                                   (2.10) 

m+ × Cs+ × ∆V+  =   m− ×  Cs− × ∆V−                                                                (2.11)  

m+

m−
 = 

𝐶𝑠 −×∆𝑉−
 𝐶𝑠+× ∆𝑉+

                                                                             (2.12) 

Where, Q (+ or −), m (+ or −), Cs (+ or −) and ΔV (+ or −) are the charges in coulomb, mass 

of electrode material (mg), Cs of positive and negative electrode (F g -1), working 

potential window (V), respectively.  

2.5.2 Cyclic voltammetry (CV):  

This is a powerful technique to understand the electrochemical supercapacitive 

processes at interface of electrode/electrolyte. It is extensively used to investigate the 

faradic reaction reversibility and find out the potential window of electrodes/devices. 

The principle of CV is to estimate the resulting current simultaneously, when applying 

a linear voltage to an electrode/device between initial and final voltage [66]. In CV, the 

electrode potential is varied linearly between two fixed potentials and back to returned 

again original potential to complete one cycle. Such potential cycles are repeated 

multiple times. During the applied potential rate, the current is deliberated as a function 

of potential. The graph appearing from such analysis is known as cyclic 

voltammogram. The CV study enables us to know [67], 

a) pseudo-quantitative and qualitative investigations 

b) kinetic examination by scanning a massive range of scan rates; and 

c) determination of voltage window  

 The CV measurements are usually carried out in two/three-electrode 

configuration, if CV measurement in a three-electrode configuration having a counter 

electrode (CE), working electrode (WE) and a reference electrode (RE). In CV 

measurement, the electrode working potential is measured against the RE. The typical 

CV curve is shown in Fig. 2.14. The specific capacitance (Cs) of thin film electrode 

calculated from CV curve using equation, 

Cs =  
1

ms(V2−V1)
∫ I(V)dV

V2

V1
                                                                                     (2.13) 

Where, ∫ I(V)dV
V2

V1
 indicates the integrated current response of prepared electrode in A 
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g-1, s is the scan rate in mV s-1, m is the mass of active material in mg cm-2, V1 and V2 

represent initial and final potential of potentials window in volt, respectively.  

 

Fig. 2.14: The typical CV curve.   

2.5.3 Galvanostatic charge discharge (GCD):  

 

Fig. 2.15: The typical GCD curve.  

This technique is extensively used to determine the electrochemical cycling 

stability and capacitance of electrodes/devices. The GCD principle is to compute the 

resulting voltage at the same time when applying a fixed current to an electrode/device 

between initial and final voltage [66]. This is different technique from CV, in which 

current is controlled and only voltage is measured. It is also known as 

chronopotentiometry which gives access to various parameters such as resistance, 

capacitance and cyclic stability [68]. Basically, GCD curve behavior is four types such 

as EDLC, surface redox pseudocapacitor, intercalation pseudocapacitor and battery 

type faradic reaction. The typical GCD curve is shown in Fig. 2.15.  The Cs is 

determined from discharge curves using the following relation. 
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Cs = 
 I x dt

 m x ∆v  
                                                                                                (2.14) 

Where, I is constant current density (A g-1), dt is discharge time (s), m is a mass 

of deposited electrode (mg) and 𝛥V is discharge voltage (V). 

The energy density (E.D.) and power density (P.D.) are calculated from the 

following equations, 

E.D. = 0.5 CV2                                                                                                          (2.15)  

P.D. = E.D. / dt                                                                                                          (2.16) 

Where, the C, V and dt are the specific capacitance, potential window and 

discharge time, respectively. 

2.5.4 Electrochemical impedance spectroscopy (EIS):  

  This is one of the powerful techniques and it is also known as the AC 

impedance spectroscopy technique to understand the impedance behavior of 

supercapacitor at the interface of electrode/electrolyte. In EIS, a tiny AC signal is 

utilized to the supercapacitor cell over a range of frequencies from a few mHz to KHz. 

The current response to the utilized AC signal is counted as an output. The response of 

electrochemical supercapacitive impedance is normally indicated by a Nyquist plot 

[69]. It is the plot of real part versus imaginary part of impedance. This technique is 

very crucial due to it decides the frequency dependent and independent parts of Nyquist 

plot separately. 

Let a sinusoidal voltage signal I (ω) = Io sin (wt + ϕ) be its output and V (ω) = 

Vo sinωt will be an input signal response. Then the impedance can be written as, 

Z()  V() / I()  Vo sint / Io sin(t + φ), and                                                  (2.17)  

Z()  Zo sint / sin(t + φ)                                                                                     (2.18) 

Therefore, the impedance is expressed in terms of magnitude, phase shift ϕ and 

Zo. Using the Eulers equation eiϕ = cosϕ + isinϕ, impedance can be expressed as a 

complex quantity. The sinusoidal voltage and current response signals are expressed as 

[70], 

V()  Vo exp(it)                                                                                                    (2.19) 

I()  Io exp(it   )                                                                                                (2.20) 

Therefore, a complex quantity is represented as,                                                           

Z()  Zo exp(i)  Zo (cos  isin  )                                                                      (2.21) 
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Real and imaginary parts of impedance are separated, and Nyquist plot is drawn 

as demonstrated in Fig. 2.16. The equivalent series resistance (ESR), charge transfer 

resistance (Rct) and diffusion impedance of electrochemical devices can be investigated 

by Nyquist plot. The comparison between EIS and CV is an EIS a sinusoidal voltage 

signal, which is imposed at ranges of frequency and the resulting current is counted, 

while a linear voltage is utilized in a CV. Several electrochemical terms raised in 

impendence spectroscopy as below, 

 

Fig. 2.16: A typical Nyquist curve [71]. 

(I) Electrolyte resistance:  

It is often a significant part of the impedance of an electrochemical 

supercapacitor device. A three-electrode potentiostat device compensates for the 

solution resistance between the reference and counter electrodes. But, solution 

resistance between the working electrode and the reference electrode must be 

considered while modelling electrochemical supercapacitor cell. An ionic solution 

resistance depends on the ionic concentration, temperature type of ions, and the areal 

geometry in which the current is passed. Within the bounded area as (A), and 

length (𝑙), carrying a consistent current, the corresponding resistance is defined as,  

R   𝑙
  A

                                                                                                                     (2.22) 

Where, ρ is the solution resistivity and its reciprocal ρ (κ) is more commonly 

used. κ is called as solution conductivity and its relations with solution resistance are:  

R  l


 . 

𝑙

A
   κ = 

𝑙

RA
                                                                                                 (2.23) 

The electrochemical supercapacitor devices do not have the consistent current 

distribution throughout the definite electrolyte area. Therefore, the measurement of 
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solution resistance using its solution conductivity will be not accurate. It can be 

determined from the EIS curve [70].  

(II) Double layer capacitance:  

It exists between the electrode interface and its surrounded electrolyte solution. 

It is formed at the interface as ions from the solution adsorb at the surface of electrode. 

A charged electrode is alienated from the charged ions using an insulating space, which 

is an order of angstroms (Å). Since the charges are separated via an insulator forms a 

capacitor, a bare metal deep in an electrolyte solution and behavior like a capacitor 

[70]. One can estimate simply that there will be 20 to 60 μF of capacitance for every 1 

cm2 of electrode area though the value of the double layer capacitance based on a 

number of variables like electrode potential, ionic concentration, oxide layers, electrode 

roughness, ions type, temperature, impurity adsorption, etc.  

XC = 1/ωC                                                                                                                  (2.24) 

XC = 1/2πfC                                                                                                               (2.25) 

Where, XC is the capacitor impedance  

(III) Charge transfer resistance:  

The resistance in this example is formed through a single, kinetically controlled 

electrochemical reaction. In this case, we have a single reaction at equilibrium. 

Consider the following reversible reaction  

Red ↔ Ox + ne-                                                                                                        (2.26)  

This charge transfer reaction has a certain speed which is based on the reaction 

temperature, kind of reaction, reaction potential and concentration of reaction products.  

(IV) Diffusion resistance:  

It depends on the frequency of the potential perturbation. The creating 

impedance is known to be Warburg impedance. At superior frequencies, the Warburg 

impedance is tiny in magnitude since diffusing electrolyte ions in solution don't have to 

move so far. At minor frequencies, the ions diffuse further, which raises the Warburg 

impedance [71].   
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3. Introduction: 

          The section-A deals about the synthesis of ytterbium sulfide (Yb2S3) thin films 

by chemical bath deposition (CBD) method. In addition, the structural and 

morphological characterizations with electrochemical measurement of Yb2S3 thin films 

are studied. This section includes the introduction, preparation of Yb2S3 thin films via 

CBD method, film formation and reaction mechanism. The structural, morphological 

and wttability characterizations like as XRD, FT-Raman, SEM and contact angle of 

Yb2S3 thin films are investigated. The electrochemical properties of Yb2S3 thin film are 

investigated using CV, GCD and EIS measurements in 1M KOH electrolyte solution.  

Section -A 

3A. Chemically synthesized ytterbium sulfide thin films: characterization and 

supercapacitive behaviour (CBD method) 

3A.1 Introduction: 

In the improvement of supercapacitor performance nanostructured surface 

morphologies play an important role and such morphologies can be easily synthesized 

by low cost and scalable CBD method [1]. As compared to other deposition routes, 

CBD method is an attractive route to synthesize thin film due to it’s advantages like, 

cost-effective equipment, low temperature process, easy to handling of preparative 

parameters etc. The CBD method does not require binder for deposition of 

nanomaterials on different kinds of substrates (conducting and non-conducting), which 

is useful for industrial application as it avoids corrosion and oxidation of substrate [2-

4]. 

In recent past, rare earth metal (REM) sulfides have been studied as novel 

supercapacitive materials as their electrical conductivity is more than metal oxides, and 

large operating potential window is comparable with other oxide and hydroxide 

materials. Scanty reports are available in the literature for REM sulfide thin films in 

supercapacitive application. Amongst the REM sulfides, samarium sulfide (Sm2S3) and 

lanthanum sulfide (La2S3) thin films were as synthesized by SILAR and CBD methods 

[5-8]. The La2S films were deposited by hydrothermal method [9] and yttrium sulfide 

thin films were prepared using electrodeposition method [10]. All these films were 

tested for their supercapacitive performance. 

In this section, Yb2S3 thin films on stainless steel (SS) substrates are synthesized 

by CBD method. The Yb2S3 thin films are characterized using physico-chemical 
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techniques. The electrochemical supercapacitive behavior of Yb2S3 thin films is studied 

using CV, EIS and GCD techniques in 1 M KOH aqueous electrolyte.   

3A.2 Experimental details: 

3A.2.1 Substrate cleaning: 

 For the thin film preparation, the well polished and cleaned substrate is the main 

requirement. The substrate with a surface added impurity gives unbridled growth of 

thin film, results in to the development of non-uniform thin film. Also, the electrical 

conductivity of substrate is a basic need in supercapacitor application; hence the simply 

available, high conducting and inexpensive SS substrate is used to supercapacitor 

application. The cleaning process for SS substrate was adopted as below; 

i) The SS substrate was mirror polished using the 1200 grade polish paper, 

ii) using detergent and double distilled water (DDW), SS substrates were washed, 

iii) the SS substrate was cleaned ultrasonically for 20 min, and 

iv) finally, SS substrate was air dried in AR grade acetone and then utilized for 

synthesis of thin film. 

3A.2.2 Precursors:  

The ytterbium (III) chloride (YbCl3.7H2O), citric acid (C6H8O7) and sodium 

thiosulphate (Na2S2O3) were used without further purification. DDW was used as a 

solvent in the experiment. All solutions were freshly prepared and used for the 

synthesis of Yb2S3 thin film. Potassium hydroxide (KOH) solution was used as an 

electrolyte for testing of electrochemical supercapacitive properties. 

3A.2.3 Synthesis of ytterbium sulfide thin films: 

The Yb2S3 thin film was deposited on the SS substrate by CBD method. The 0.1 

M ytterbium trichloride and 0.15 M sodium thiosulphate solutions prepared in separate 

beakers and mixed together in equal volume in 100 ml beaker and vigorously stirred for 

10 min and then few drops of citric acid (0.5 M) were added slowly to maintain the pH 

of bath 2 ± 0.1. Then, polished SS substrate was vertically dipped in beaker and the 

bath was kept at 80° C for 180 min.. After 180 min., yellow-whitish colored Yb2S3 film 

was obtained on SS substrate. The film was air dried at room temperature (27° C) and 

used for further characterization studies. 

3A.2.4 Characterization: 

The structural characterization of Yb2S3 thin film was carried out using X-ray 

diffractometer (Rikagu 600 mini flex benchtop machine). The contact angle measured 
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was using Rame-Hart instrument (USA). The Raman study of Yb2S3 thin film was 

recorded with Raman spectrometer (Bruker Multi RAM) in the spectral wavelength 

range of 100–600 cm-1. The chemical states of elements in Yb2S3 were confirmed using 

X-ray photoelectron spectrometer (ThermoVG Scientific, United Kingdom). The 

morphological characterization of Yb2S3 thin films were recorded using scanning 

electron microscope (SEM, JEOL-6360, Japan) and transmission electron microscope 

(TEM, Philips CM-30 unit, Point Resolution = 2.4 Å) with an acceleration voltage of 

300 kV. 

The electrochemical supercapacitive properties of Yb2S3 thin film were tested in 

three electrode system using Yb2S3 thin film as a working electrode, platinum wire as a 

counter electrode and mercury/mercury oxide (Hg/HgO) as a reference electrode in 1 M 

KOH electrolyte. The CV, GCD and EIS studies were carried out with battery cycler 

(Zive MP1 workstation, S. Korea). 

3A.3 Results and discussion: 

3A.3.1 Thin film formation and reaction mechanism: 

 

Fig. 3.1: The schematic representation of steps involved the preparation of Yb2S3 thin 

film by CBD method. 

 

The Yb2S3 nanomaterials can be prepared by chemical reactions in which 

nucleation, aggregation, coalescence and growth process of constituent materials takes 

place [4, 11].  In CBD method, there are two taxonomy of growth mechanisms during 

thin film formation process: (i) ion-by-ion growth, where the ions are deposited 

sequentially at the nucleation sites on the surface of substrate, and (ii) adsorption of 

colloidal particles to form nuclei and further these particles grow by aggregation and 

coalescence to form thin film, which is pertained as cluster-by-cluster growth 

mechanism [12, 13]. The Yb2S3 thin films obtained from an aqueous citric acid 

complexed Yb3+ ion from YbCl3 and sulfide ions, from sodium thiosulfate (Na2S2O3). 

Finally, Yb3+ and S2- ions combine by an ion-by-ion process to form thin film on the SS 

substrate [14]. The schematic representation for preparation of Yb2S3 thin film is shown 
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in Fig. 3.1. When the ionic product of Yb3+ and S2- exceeds the solubility product of 

Yb2S3 then Yb2S3 film is formed on the substrate. The possible reaction in the reaction 

bath is as follows; 

The Yb3+ ions are complexed with C6H8O7 to form complexed ytterbium ions 

presented as, 

2YbCl3  2(C6H8O7)  2[Yb(C6H8O7)]  3Cl2                                                         (3.1) 

Na2S2O3 solution dissociates by virtue half-cell reaction as below [15] 

2Na2S2O3 → 4Na+ + (S4O6)
2- + 2e-                                                                              (3.2) 

The dissociation of Na2S2O3 in acidic bath medium is as follows [16] 

Na2S2O3 → Na+ + (S2O3)
2-                                                                                            (3.3) 

(S2O3)
2- + H+ → HSO3 + S                                                                                          (3.4) 

Electron generated in reaction (3.2) reacts with sulfur atom formed in the reaction (3.4) 

to gives S2- ions. 

S + 2e- → S2-                                                                                                                    (3.5) 

The formed sulfide ions (S2-) react with Yb3+ ions in the solution to form Yb2S3 

molecule as. 

2[Yb (C6H8O7)]
3+ + 3S2- → Yb2S3 + 2(C6H8O7)                                                        (3.6) 

At the initial stage of reaction, ytterbium sulfide nuclei are developed on the SS 

substrate as well as in the solution. Furthermore, these nucleation centers act as basic 

building blocks to develop nano-grains thin film. As the ionic product (I.P.) exceeds the 

solubility product (S.P.), large numbers of ions are collected around the nucleation 

centers to form clusters. Subsequently, the coalescence and growth of these clusters 

lead to thin film formation [17-19]. The optimized preparative parameters for 

deposition of Yb2S3 film are given in table 3.1. 

Table 3.1: The optimized preparative parameters for deposition of Yb2S3 film. 

Precursor solutions YbCl3 (0.1 M), Na2S2O3 (0.15 M) (1:1) 

pH 2 ± 0.1 

Complexing agent Citric acid (C6H8O7) 

Deposition time (min) 180 

Deposition temperature (degree celsius) 80 

 

3A.3.2 Structural studies: 

3A.3.2.1 X-ray diffraction (XRD):  

The XRD pattern of Yb2S3 thin film is shown in Fig. 3.2. The peaks at 2θ values 

matched with (202), (401), and (115) planes for monoclinic crystal structure of Yb2S3 
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(JCPDS Card no. 65-2373). The peak in XRD pattern shown by the hash (#) 

corresponds to SS substrate. The crystalline size of particles in Yb2S3 thin film is found 

to be 8.15 nm for (401) plane. Pujari et al [16] prepared Yb2S3 thin film on glass as well 

as SS substrates and observed orientations along (401), (310), (103), (-210), (202),        

(-113), (-313) and (313) planes of monoclinic crystal structure. The crystallite size D’ 

8.15 nm was calculated using relation 2.7. 

 

Fig. 3.2:  The X-ray diffraction pattern of Yb2S3 thin film. 

3A.3.2.2 X-ray photoelectron spectroscopy (XPS): 

The XPS is a basic type of technique to know about an elemental presence and 

their chemical states at the surface of thin film material. Therefore, chemical states of 

the elements present in Yb2S3 were studied by XPS analysis. Fig. 3.3(A) illustrates the 

survey spectrum of Yb2S3 film material, which demonstrates no other elemental peaks 

different from the peaks of Yb, S, C, and O, confirming that the sample is pure. Fig. 

3.3(B-C) shows the XPS spectra of Yb2S3 thin film which indicate the characteristics 

peaks of Yb4d and S2p with their binding energies. The deconvolated peaks at binding 

energies of 185.6, 189.1, 192.5, 195.73, and 199.36 eV in Fig. 3.3(B) denoted as a, b, c, 

d, and e, respectively, are attributed to +3 oxidation state of Yb and these binding 

energies are in good agreements with the previous report [20].  The state of S2p present 

in Yb2S3 film is shown in Fig. 3.3(C). The binding energy peak at 164.12 eV 

corresponds to sulfur in Yb2S3 implying two states of sulfur. The S2p spectrum peaks 

located at 164.12 and 165.10 eVs correspond to the S2p3/2 and S2p1/2 orbitals of the 

divalent sulfide ions (S2-), respectively [6, 21]. These results confirm the formation of 

Yb2S3 material. 
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Fig. 3.3: (A) The XPS survey spectrum of Yb2S3 thin film, (B) XPS spectrum of Yb4d 

region and (C) XPS spectrum of S2p region, and (D) FT- Raman spectrum for Yb2S3 

thin film.  

   

3A.3.2.3 Fourier transform Raman spectroscopy (FT-Raman): 

FT-Raman scattering was recorded to investigate the crystal quality and 

vibration properties of Yb2S3 thin film. Fig. 3.3(D) displays the FT-Raman spectrum 

for Yb2S3 film examined in the wavenumber range of 50–600 cm-1. The bands at 185, 

225, 435 and 475 cm-1 confirm the formation of Yb2S3 thin film [8, 22]. Furthermore, 

weak bands in wavenumber range of between 150-250 cm-1 may be the stretching 

vibration mode of ytterbium sesquisulfides, as reported by Knight and White [23]. 

Thus, the FT-Raman spectrum further confirms the formation of Yb2S3, consistent with 

the XRD result. 

3A.3.3 Morphological study: 

3A.3.3.1 Contact angle measurement: 

Wettability is the important surface property for application in supercapacitor. 

Wetting of thin film surface depends on chemical content and surface morphology. 
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Contact angle is nothing but the wettability of a solid surface. If the wettability is more, 

less is the contact angle (θ < 90°) and surface is hydrophilic. If wettability is low, 

higher is the contact angle (θ > 90°) and surface is hydrophobic. Contact angle study 

was carried out using a water droplet on the surface of Yb2S3 thin film. Fig. 3.4(A) 

shows the contact angle image on Yb2S3 thin film. The Yb2S3 thin film displays 61.2° 

angle confirming its hydrophilic nature. Such hydrophilic nature (61.2°) is helpful for 

making interfacial contact between surface of Yb2S3 thin film and electrolyte. Kumbhar 

et al [6] synthesized of Sm2S3 thin films using CBD method and reported contact angle 

of 21°. Ghogare et al [9] deposited LaS2 thin film by hydrothermal method with contact 

angle of 46.9°. Such diverse values of contact angles are obtained due to the different 

surface nature of thin films.   

 

Fig. 3.4: (A) Contact angle and SEM images of Yb2S3 thin films at (B) 50 kX and (C) 

150 kX magnifications. 

 

3A.3.3.2 Scanning electron microscopy (SEM): 

The SEM is an important technique to find surface morphology of thin film 

electrode material. In thin film, surface morphology plays a crucial role to lead to high 

specific capacitance (Cs) value. Fig. 3.4(B-C) shows surface morphologies of Yb2S3 

thin film at magnifications of 50 kX and 150 kX. The nano-grains like crystallites of 

Yb2S3 material are uniformly spread over the substrate (50 kX). These crystallites are 

interconnected with each other, as seen at high magnification (150 kX) (Fig. 3.4C). 

These nano-grains are connected to each other to form clusters. Interconnected nano-
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grains effectively increase the surface area and large accessibility of the material. The 

high surface area facilitates large number of active sites for charge storage in 

supercapacitor [24]. Pujari et al [16] observed nanoparticles and non-uniformly 

distributed nanorods-like morphology for Yb2S3 thin film prepared by hydrothermal 

method. Kumbhar et al [5] synthesized Sm2S3 thin film by SILAR method and 

displayed honeycomb-like morphology. Patil and Lokhande [8] deposited La2S3 thin 

film by CBD method and obtained porous ridges type surface morphology. Such 

different types of morphologies were obtained due to different preparative parameters 

and methods. 

3A.3.3.3 Transmission electron microscopy (TEM): 

 

Fig. 3.5: (A-B) HR-TEM images and (C) selected area electron diffraction (SAED) 

pattern of Yb2S3 sample. 

 

The crystal structure and crystallite size of Yb2S3 electrode were determined 

using TEM images. The high-resolution transmission electron microscopy (HR-TEM) 

images of Yb2S3 sample are illustrated in Fig. 3.5(A-B). The HR-TEM images clearly 

show the formation of interconnected crystallites in the range of 10 nm which is in 

good agreement with the results from the SEM images shown in Fig. 3.4(B-C). Such 

nanocrystallites provide easy access to the electrolyte ions for improved supercapacitor 

performance. The HR-TEM image analysis shows interplanar spacing (d) of 0.291 nm 

corresponding to (401) plane of Yb2S3 as shown in Fig. 3.5(B). The interplanar spacing 
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0.291 nm is in well agreement with crystallographic interatomic distance of Yb2S3 

electrode material calculated from the XRD analysis. The corresponding selected area 

electron diffraction (SAED) pattern of Yb2S3 electrode in Fig. 3.5(C) shows diffuse 

rings indicating the formation of nanocrystallites. Other interplanar distances (d) of 

3.15, 2.91, and 2.53 nm measured from HR-TEM image of lattice fringes in the Fig. 

3.5(C), correspond to (202), (401), and (115) planes of Yb2S3, confirming XRD results. 

3A.3.4 Supercapacitive study: 

3A.3.4.1 Cyclic voltammetry (CV): 

Fig. 3.6(A) shows the CV curves of Yb2S3 electrode at various scan rates. The 

CV curves are plotted between 5 to 200 mV s-1 scan rates in 1 M KOH electrolyte 

within -1.2 to -0.2 V/ Hg/HgO. The values of Cs are calculated from CV curves using 

relation 2.13.   

 

Fig.3.6: (A) The CV curves at scan rates from 5-200 mV s-1, (B) plot of specific 

capacitance versus scan rates, (C) galvanostatic charge-discharge curves of Yb2S3 film 

at 0.2-0.5 A g-1 current densities, and (D) plot of specific capacitance versus current 

density.  

 

From Fig. 3.6(A), it is found that the increase in scan rate results in to high area 

under the curve. The value of Cs decreases with increasing scan rate due to a smaller 

amount of utilization of electrode material in to the faradic reaction in the electrolyte. 

The electrode operated at high scan rate results in to collision and fast movement of 
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ions towards surface of the electrode. The charge storage capacity is decreased due to 

the less participation of ions in the reaction [6]. Fig. 3.6(B) shows the variation of 

specific capacitance with scan rate. The Yb2S3 electrode exhibits highest specific 

capacitance of 184.6 F g-1 at 5 mV s-1 scan rate.   

3A.3.4.2 Galvanostatic charge discharge (GCD): 

The GCD curves of Yb2S3 electrode at different current densities (0.2 to 0.5 A 

g-1) in 1 M KOH electrolyte are shown in Fig. 3.6(C). The non-linear nature of GCD 

curves exhibits pseudocapacitive behavior of Yb2S3 electrode. The charge-discharge 

mechanism for Yb2S3 thin film is proposed as [6].  

Yb2S3 + xe- + xK+ ↔ xK.Yb2S3                                                                                                                  (3.7)                             

The Cs is determined from discharge curves from the relation 2.14. The plot of specific 

capacitance versus current density is shown in Fig. 3.6(D). The Yb2S3 electrode 

exhibits Cs of 105 F g-1 at current density 0.2 A g-1 and 61 F g-1 at 0.5 A g-1.  

3A.3.4.3 Stability: 

 

Fig. 3.7: (A) The cyclic stability of Yb2S3 film electrode at scan rate of 50 mV s-1 in 1 

M KOH electrolyte, (B) the plot of capacity retention with cyclic number and (C) 

Nyquist plot of Yb2S3 film [Inset shows the equivalent circuit]. 

 

In supercapacitor application, an electrochemical stability of electrode is 

important aspect for practical applicability. Fig. 3.7(A) shows the CV curves recorded 
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upto 3000 cycles within the potential window of -1.2 to - 0.2 V.Hg/HgO at 50 mV s-1 

scan rate. It is seen that the area under the curves of CV cycles decreases with increase 

in the number of cycles. Similarly, corresponding specific capacitance decreases from 

154.3 to 125 F g-1 after 3000 cycles. The decrease in the specific capacitance is due to 

the degradation of active material as well as irreversibility of electrode material during 

charging and discharging process of CV cycles [25-27]. The plot of capacity retention 

with cycle number is shown in Fig. 3.7(B). The Yb2S3 electrode displays good 

electrochemical capacity retention of 81 % after 3000 CV cycles. Similar types of 

electrochemical retentions between 78 to 85 % are reported for other REM 

chalcogenide electrodes in aqueous electrolyte [6, 7, 16, 27].  

3A.3.4.4 Electrochemical impedance spectroscopy (EIS): 

Using EIS, charge transfer at the interface between Yb2S3 electrode and KOH 

electrolyte is investigated [28]. Nyquist plot (Z real versus Z imaginary) of Yb2S3 thin 

film in the frequency range of 0.1 to 1000 Hz at 10 mV AC amplitude is shown in Fig. 

3.7(C) and inset shows corresponding equivalent circuit. The solution resistance (Rs) of 

3.42 Ω cm-2 is observed from initial part of impedance plot in high frequency and 

charge transfer resistance (Rct) of 8.96 Ω cm-2 and Warburg resistance (W) of 0.03 Ω 

cm-2 are obtained in the low frequency region from impedance plot. The 

electrochemical impedance parameters of Yb2S3 thin film are given in table 3.2. 

Table 3.2: The electrochemical impedance parameters of Yb2S3 thin film. 

Parameter Value of parameter 

Rs (Ω cm-2) 0.37 

Q (mF) 0.85 

Rct (Ω cm-2) 8.96 

W (Ω cm-2) 0.03 

 

Section: B 

3B: Chemically synthesized ytterbium sulfide thin films: characterization and 

supercapacitive performance (SILAR method) 

3B.1 Introduction: 

The present section deals with the synthesis of Yb2S3 thin films via SILAR 

route and their structural, wettability and surface textural characterization using X-ray 

photoelectron spectroscopy (XPS), X-ray diffraction (XRD), contact angle and field 

emission scanning electron microscope (FE-SEM) techniques. The supercapacitive 

properties of Yb2S3 thin film are investigated in 1M Na2SO4 electrolyte.  
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3B.2 Experimental details: 

3B.2.1 Substrate cleaning: 

           The substrate cleaning procedure is described in section 3A.2.1.  

3B.2.2 Precursors: 

The AR grade ytterbium (III) chloride (YbCl3.6H2O) ≥ 99 % and sodium sulfide 

(Na2S) were purchased from Thomas Baker and Sigma Aldrich, and used without 

purification. Sodium sulfate (Na2SO4) electrolyte was used to the testing of 

supercapacitive performance of Yb2S3 thin film electrode.  

3B.2.3 Deposition of Yb2S3 thin film: 

 The Yb2S3 film was prepared by SILAR method using aqueous 0.10 M YbCl3 

and 0.15 M Na2S solutions as the cationic and anionic precursor sources, respectively. 

Four steps of the SILAR process for Yb2S3 thin film deposition were as follows:   

I) The well polished SS substrate was immersed in ytterbium ion (Yb3+) containing 

solution for 20 s, to adsorb Yb3+ ions over the SS substrate, II) after that the substrate 

was immersed 20 s in DDW to eliminate the excess adsorbed and loosely bonded Yb3+ 

ions, III) the substrate was dipped  in S2- ions containing solution for 20 s, where S2- 

ions reacted on the preadsorbed Yb3+ ions, and IV) the substrate was again immersed 

20 s in the DDW to eliminate the unreacted S2- ions or weakly bound Yb2S3 molecules. 

The uniform and adherent Yb2S3 thin film was obtained after repeating such 120 

SILAR cycles. Fig. 3.8 shows SILAR experimental setup for deposition of Yb2S3 

electrode [Inset shows the photograph of Yb2S3 thin film]. 

 

Fig. 3.8:  Experimental setup of SILAR method for preparation of Yb2S3 thin film 

[Inset shows the photograph of Yb2S3 thin film]. 
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3B.2.4 Characterization: 

The characterization tools for the structural, morphological, contact angle and 

supercapacitve (CV, GCD, EIS and stability) studies are illustrated in section 3A.2.4. 

3B.3 Results and discussion: 

3B.3.1 Thin film formation and reaction mechanism: 

When the ionic product (I.P.) of Yb3+ and S2- ions exceeds the solubility product 

(S.P.), Yb2S3 film is formed over the SS substrate. The possible reactions are described 

by following steps as: 

The Yb3+ ions (pH~4.5) are obtained by dissolving ytterbium chloride as  

YbCl3 → Yb3+ + Cl3
−                                                                                                   (3.8)  

When SS substrate is dipped in Yb3+ ions containing solution, Yb3+ ions are 

adsorbed over SS substrate due to the force of attraction such as Van-der Waals, 

chemical or cohesive force between ions and substrate surface.   

The substrate is immersed in S2- ions (pH~12) containing solution,  

Na2S → Na+ +  S2−                                                                                                    (3.9) 

Formation of Yb2S3 film on SS substrate takes place as, 

2Yb3+ + 3S2− → Yb2S3                                                                                            (3.10) 

  The Yb2S3 film is dipped in the DDW to separate the sulfide ions or loosely 

attached Yb2S3 particles from the substrate. The mass of Yb2S3 film of 0.12 mg cm-2 for 

120 cycles is determined using weight difference method. Preparative parameters for 

synthesis Yb2S3 thin film by SILAR method are shown in table 3.3. 

Table 3.3: Preparative parameters for synthesis of Yb2S3 thin film by SILAR method. 

 Parameter Precursor  solutions 

Cationic YbCl3 Anionic  Na2S 

 Concentrations (M) 0.10 0.15 

 pH 4.5 12 

 Dipping time (s) 20 20 

 Drying time (s) 10 10 

 Rinsing time (s) 20 20 

 Deposition temperature (degree celsius) 27 27 

 

3B.3.2 Structural studies: 

3B.3.2.1 XRD: 

Fig. 3.9 reveals the XRD pattern of Yb2S3 electrode over the SS substrate. The 
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diffraction peaks at 23.10°, 28.30° and 30.15°  match with the (h k l) planes of (401), 

(012), and (600) of the monoclinic crystal structure of Yb2S3 (JCPDS card no. 65-

2373). Such structure was also obtained for previously reported Yb2S3 films prepared 

by CBD and hydrothermal methods [29, 16]. The average crystallite size (D) was 

evaluated from (equation 2.7) Scherer’s relation. The calculated average crystallite size 

for plane (401) was 45.37 nm. The broader and intense peaks in the XRD spectrum 

marked by hash (#) are associated with SS substrate.  

 

Fig. 3.9: The X-ray diffraction pattern of Yb2S3 thin film. 

3B.3.2.2 XPS: 

 The XPS technique was used to study the oxidation states of elements in Yb2S3 

film material. Fig. 3.10(A) demonstrates the survey spectrum of Yb2S3 film material, 

which shows no other elemental peaks different from the peaks of Yb, S, C, and O, 

confirming that the sample is pure. Fig. 3.10(B) illustrates the broad scan XPS 

spectrum of Yb4d. The deconvolated peaks at binding energies of 185.6, 189.1, 192.5, 

195.73, and 199.36 eV in Fig. 3.10(B) denoted as a, b, c, d, and e, respectively, are 

attributed to +3 oxidation state of Yb [30, 31].  Fig. 3.10(C) displays the broad scan 

XPS spectrum of S2p region. The deconvolution peaks at binding energies of 163.7 eV 

and 165.1 are attributed to S2p3/2 and S2p1/2 states which suggest -2 oxidation state of S 

[21, 32]. The XPS and XRD analyses confirm the formation of Yb2S3 electrode 

material via SILAR route. 
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Fig. 3.10: (A) XPS survey spectrum of Yb2S3 thin film, (B) XPS spectrum of Yb4d 

region and (C) XPS spectrum of S2p region.   

 

3B.3.3 Morphological study: 

3B.3.3.1 Contact angle measurement: 

For electrochemical supercapacitive behavior, the surface wettability is of 

significant importance. Wetting the surface material of electrode basically depends on 

the chemical content and surface textural of the thin film surface. If contact angle is 

greater than 90°, the film surface is hydrophobic and for lower than 90°, it is known to 

be hydrophilic. The water contact angle image in Fig. 3.11(A) shows the hydrophilic 

nature (57°) of Yb2S3 electrode. Pujari et al [16] obtained contact angle of 49.7° for 

Yb2S3 thin film synthesized by hydrothermal method. Also, Ghogare et al [9] reported 

contact angle of 46.9° for hydrothermally deposited La2S thin film.  

3B.3.3.2 Field emission scanning electron microscopy (FE-SEM): 

For supercapacitor behaviour, the surface of electrode plays a vital role [32]. To 

study the surface texture of Yb2S3 film, the FE-SEM technique was employed. Fig. 

3.11(B, C) shows the FE-SEM images of Yb2S3 electrode at magnifications of 5 kX 

and 10 kX. The Yb2S3 nanoparticles are agglomerated over the SS substrate and 

interconnected to each other, as seen at 5 kX magnification. Fig. 3.11(C) demonstrates 
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the average size of Yb2S3 nanoparticles is 250 nm. Generally, the morphology of 

material depends upon the method and preparation parameters of deposition. For e.g. 

Ghogare et al [9] observed nanopetal-like surface for La2S thin film deposited by 

hydrothermal method. Kumbhar et al [33] observed tree-roots like diffused nanoflakes 

for chemically deposited Sm2S3 film. Ubale et al [29] chemically synthesized Yb2S3 

film and obtained nanograins-like surface architecture. Pujari et al [16] reported 

distributed nanorods-like surface for hydrothermally deposited Yb2S3 thin film and 

Kumbhar et al [34] chemically deposited Sm2Te3 film and obtained barley like surface 

nature.  

 

Fig. 3.11: (A) Contact angle and FE-SEM images of Yb2S3 thin films at (B) 5 kX and 

(C) 10 kX magnifications. 

 

3B.3.4: Supercapacitive study: 

3B.3.4.1 CV: 

To explore the applicability of Yb2S3 film, CV curves were studied in 1.0 M 

Na2SO4, solution in potential range of -1 to 0 V.Hg/HgO. The CV plots of Yb2S3 thin 

film at various scan rates of 5 to 200 mV s-1 are demonstrated in Fig. 3.12(A). The 

value of Cs is determined from CV plot using the relation 2.13. The Yb2S3 thin film 

showed Cs of 181 F g-1 at the scan rate of 5 mV s-1. The plot of Cs versus scan rate in 
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Fig. 3.12(B) indicates that Cs value decreases with increase the scan rate. The 

enhancement in Cs at low scan rate is due to the utilization of external and internal 

electrode material for electrochemical reactions; whereas at higher scan rate, the Cs is 

due to contribution from external surface only [35, 36].   

 

Fig. 3.12: (A) The CV curves of Yb2S3 at different scan rates of 5-200 mV s-1, (B) plot 

of Cs versus scan rate, (C) GCD curves at current densities of 1-5 A g-1, and (D) plot of 

Cs versus current density.  

 

3B.3.4.2 GCD:  

Further, the GCD studies at various current densities of 1-5 A g-1 in the potential 

range of -1 to 0 V.Hg/HgO are depicted in Fig. 3.12(C). The nonlinear shape of GCD 

curves may be owing to the faradic reaction or pseudocapacitive nature. The values of 

Cs are calculated using the equation 2.14. 

The Cs of 155 F g-1 is achieved at current density of 1 A g-1. The plot of Cs 

versus current density in Fig. 3.12(D) shows that Cs decreases with increase in the 

current density owing to the lower utilization of active site electrode material at high 

current density [37]. The possible electrochemical reversible redox reaction due to the 

insertions/reinsertion of electrolyte ions between the electrode surface and electrolyte is 
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Yb2S3 + xe− + xNa+ ↔  Nax
+. Yb2S3                                                                      (3.11) 

3B.3.4.3 Stability: 

Electrochemical cyclic stability is a significant factor in application of thin 

film electrode in devices. Fig. 3.13(A) demonstrates the stability of Yb2S3 thin film 

for 3000th CV cycles at scan rate of 100 mV s-1. Fig. 3.13(B) shows the plot of Cs 

versus cycle number, which clearly indicates that, Cs of Yb2S3 electrode slowly 

decreases with increase in number of CV cycles. The Yb2S3 thin film exhibits 83 % 

capacity retention for 3000 CV cycles. Similar electrochemical capacity retentions in 

the range from 78 to 85 % are reported for other REM chalcogenide thin film 

materials in the aqueous electrolytes [8, 16, 37, 33].  

3B.3.4.4 EIS: 

 

Fig. 3.13: (A) Electrochemical cyclic stability of Yb2S3 sample at scan rate of 100 mV 

s-1, (B) plot of capacity retention with cycle number and (C) Nyquist plot of Yb2S3 

sample (Inset illustrates the best fitted equivalent circuit).  

 

Fig. 3.13(C) illustrates the Nyquist plot of Yb2S3 electrode in 1 M Na2SO4 

electrolyte. The Nyquist plot demonstrates the tiny semicircle in the high frequency 

domain corresponding to the charge transfer process. Warburg resistance (W) is a result 
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of lower frequency region dependence of ion diffusion or transport in the applied 

electrolyte [3]. The higher frequency region of the Nyquist plot illustrates the Rs, which 

arises due to the combination of intrinsic resistance of thin film, ionic resistance of the 

electrolyte, and contact resistance of film electrode and current collector [38]. The well 

fitted equivalent circuit derived from Nyquist plot data illustrated as an inset of Fig. 

3.13(C) gives values of Rs, Rct and W as 4.29, 56 and 60.32 Ω cm−2, respectively. 

Table 3.4 shows fitted parameters of equivalent circuit data. Table 3.5 shows 

electrochemical performance of CBD and SILAR deposited Yb2S3 thin films. 

Table 3.4:  The EIS parameters of Yb2S3 thin film in 1 M Na2SO4 electrolyte. 

Parameter Values of parameter 

Rs (Ω cm−2) 4.29 

Q (mF) 1.753 

Rct (Ω cm−2) 56 

W (Ω cm−2) 60.32 

 

3C: Conclusions:   

Interconnected nano-grains and nanoparticles, Yb2S3 thin films have been 

successfully prepared over SS substrates by CBD and SILAR methods, respectively. 

The structural analyses show that the formations of nanostructured Yb2S3 films over the 

substrate surface have hydrophilic nature. The supercapacitive performances are 

investigated in KOH and Na2SO4 electrolytes. Further, the results of cyclic 

voltammetry show that CBD deposited the Yb2S3 thin films exhibited the specific 

capacitance of 184.6 F g-1 with cyclic stability of 81 % at scan rate of 100 mV s-1. 

SILAR synthesized Yb2S3 thin films exhibited the specific capacitance of 181 F g-1 

with 83 % life cyclic at scan rate of 100 mV s-1. The CBD deposited Yb2S3 thin film 

showed excellent electrochemical performance.  

Table 3.5: The supercapacitive performance of CBD and SILAR deposited Yb2S3 thin 

films. 

Method Electrolyte Spe. 

Cap. 

(Cs) 

(F g-1) 

Potential 

range 

(V.Hg/HgO) 

Sol. 

Resi., 

(Rs.(Ω 

cm−2)) 

Charge 

tran. 

Resi.,(Rct

.(Ω cm−2)) 

Cyclic 

stability 

(%) 

CBD KOH 184.6 -1.2 to -0.2 0.370 8.96 81 

SILAR Na2SO4 181 -1to 0 4.29 56 83 
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 The specific capacitance of as prepared material is depends on the surface 

morphology and suitable electrolyte solution. Table 3.5 shows that the specific 

capacitance of CBD method prepared Yb2S3 thin film is better than SILAR deposited 

Yb2S3 thin film due to the nano-grained surface morphology and suitable electrolyte 

solution. This type of morphology is more helpful for electrolyte ion penetration in the 

electrode during redox reaction. Also, the ionic conductivity of electrolyte ions is 

mostly useful to enhance the electrochemical properties of material. Ionic conductivity 

of K+ ions (73 cm2 Ω -1 mol-1) is higher than Na+ ions (50 cm2 Ω -1 mol-1). The tiny 

hydrated radius of K+ ions favors faster ionic mobility and interaction with electrode 

material, thereby resulting in enhanced supercapacitor properties. 
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4.0: SILAR synthesized ytterbium sulfide, graphene oxide and graphene 

oxide/ytterbium sulfide composite thin films: characterization and supercapacitive 

performance  

4. 1 Introduction: 

Activated carbon, carbon allotropes, carbon nanotubes and graphene materials 

are used in EDLC [1, 2]. Among these carbon allotropes, graphene is one of the most 

promising candidates for use in the potential application due to its large surface area, 

high electrical conductivity, excellent mechanical properties, chemical stability and low 

cost [3-6]. It is a two-dimensional (sp2) form of graphite material which has various 

applications such as solar cells, supercapacitors and multi-functional materials [7-9]. 

The tunable oxygenous functional groups of graphene oxide (GO) facilitate the 

modification on the surface and make it a promising material for composites with other 

materials [10]. The water dispersion of GO is simple as compared to the graphene and 

provides an easy path for preparing its composite with metal oxides, conducting 

polymers, and metal chalcogenides for the enhancement of electrochemical capacitive 

performance [11-13].  

The rare earth metal (REM) chalcogenides with variety in the composition, 

structure, and presence of 4f electrons have attracted great attention in recent years. 

[14]. These properties make them widely applied in electronics, petrochemical, 

metallurgy, machinery, energy, and light industry [15]. In last few years, REM sulfide 

thin films such as samarium sulfide (Sm2S3) [16], lanthanum sulfide (La2S, La2S3) [17, 

18], ytterbium sulfide (Yb2S3) [19, 20], yttrium sulfide (Y-S) [21] have been 

synthesized by different chemical methods such as SILAR, CBD, hydrothermal and 

electrodeposition, respectively. These REM sulfide thin films are investigated as a 

material for electrochemical capacitor due to high electrical conductivity, good rate 

capacity and large potential window as compared to other oxide and hydroxide 

materials.  

The present chapter deal with the SILAR method is used for the deposition of 

Yb2S3, GO, and GO/ Yb2S3 composite thin film materials. It is a simple, inexpensive 

binder-free and low-temperature method, which involves immersion of substrate into 

separately placed cationic and anionic solutions for material formation [22-25]. The 

Yb2S3, GO, and GO/Yb2S3 composite thin films are characterized by X-ray diffraction 

(XRD), X-ray photoelectron spectroscopy (XPS), contact angle, field emission 
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scanning electron microscopy (FE-SEM) and transmission electron microscopy (TEM). 

Further, Yb2S3, GO and GO/Yb2S3 composite thin films are used in the three-electrode 

system to test electrochemical supercapacitive activities using the CV, GCD and EIS.  

4.2 Experimental details: 

4.2.1 Substrate cleaning: 

         The substrate cleaning procedure is described in section 3A.2.1.  

4.2.2 Precursors: 

All the AR grade reagents such as ytterbium (III) chloride (YbCl3.7H2O), 

sodium sulfide (Na2S), natural graphite flexes, hydrogen peroxide (H2O2 30 %), 

potassium permanganate (KMnO4, 99.9 %), sulphuric acid (H2SO4 98 %), hydrochloric 

acid (HCl 35.4 %) and polyvinyl alcohol (PVA) were purchased from Sigma Aldrich 

and used without further purification. The DDW was used as a solvent in the 

experiment. All solutions were freshly prepared for the synthesis of Yb2S3, GO, and 

GO/Yb2S3 thin films. Sodium sulfate (Na2SO4) electrolyte was used for the study of 

electrochemical properties of Yb2S3, GO, and GO/ Yb2S3 thin films.  

4.2.3 Synthesis: 

4.2.3.1 Synthesis of graphene oxide: 

 

Fig. 4.1: Flow chart for synthesis of GO. 

The GO was prepared using commercial graphite flaxes by a Modified 

Hummers method [26, 27]. Graphite flaxes (5 g) and NaNO3 (2.5 g) were added into 

120 mL of concentrated H2SO4 in an ice bath with constant stirring for 60 minutes. 

Then, KMnO4 (15 g) was added with constant stirring. The mixture was stirred for 720 
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minutes at a room temperature (300 K). Successively, 150 mL of diluted 30 % H2O2 

was added drop wise in to the mixture to reduce the residual KMnO4. For purification, 

the mixture was washed with HCl and DDW for many times. Afterward, the suspension 

was centrifuged at 10000 rpm and washed several times. The exfoliation of GO was 

achieved by ultrasonication of the dispersion in ultrasonic bath. Finally, the 

homogeneous GO aqueous dispersion was obtained and used for the deposition of GO 

thin films. The synthesis of GO is demonstrated in Fig. 4.1. 

4.2.3.2 Synthesis of graphene oxide (GO) thin films: 

Layer-by-Layer (L-b-L) method was used for the preparation of GO thin films. 

The synthesized GO was taken and exfoliated (1.0 mg mL-1) in 100 mL DDW for 45 

minutes using the ultrasonic bath. In well-dispersed GO sheets solution, mirror-

polished SS substrate was immersed vertically and kept for 25 s and withdrawn 

gradually and dried for 50 s to improve the adherency of GO sheets on the substrate. 

Such 120 cycles were repeated to get the uniform deposition of GO film. Schematic of 

the deposition of GO thin film by L-b-L method is shown in Fig. 4.2 [Inset shows the 

photograph of GO thin film obtained on SS substrate]. 

 

Fig. 4.2: The schematic of L-b-L method for deposition of GO thin film [Inset shows 

the photograph of GO thin film]. 

 

4.2.3.3 Synthesis of ytterbium sulfide (Yb2S3) thin film: 

The synthesis of Yb2S3 thin film by SILAR method procedure is described 

detail in section 3B.2.3.  
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4.2.3.4 Synthesis of graphene oxide/ytterbium sulfide (GO/Yb2S3) composite thin 

film: 

GO/Yb2S3 composite thin films were prepared by immersion the SS substrate in 

the dispersed GO solution, which is separately placed before cationic and anionic 

solutions, followed by rinsing and air drying after every immersion. Fig. 4.3 shows a 

schematic of the synthesis of GO/Yb2S3 SILAR thin films. Herein, a six-beaker SILAR 

system was employed to carry out the deposition of GO/Yb2S3 thin films. The first, 

third and fifth beakers contain ~50 mL well dispersed GO (1mg mL-1), 0.10 (M) YbCl3 

and 0.15 (M) Na2S solutions, respectively. The second, fourth and sixth beakers contain 

DDW for rinsing. After repeating 120 cycles, uniform thin film of GO/Yb2S3 was 

achieved. Inset of Fig. 4.3 shows the photograph of GO/Yb2S3 composite thin film. 

 

Fig. 4.3: The schematic of SILAR method for the synthesis of GO/Yb2S3 composite 

thin film [Inset shows the photograph of GO/Yb2S3 thin film]. 

 

4.2.3.5 Characterization: 

The crystalline structurs of Yb2S3, GO and GO/Yb2S3 composite thin films were 

determined using an X-ray diffractometer (Rigaku Miniflex-600) at an accelerating 

voltage of 30 kV and current 15 mA. The XRD spectra were obtained in the range of 5-

75° at a scanning speed of 0.5° per minute. The chemical states and composition of 

elements in GO/ Yb2S3 composite thin film were confirmed through an X-ray 

photoelectron spectrometer (ThermoVG Scientific, United Kingdom).  Contact angles 

were investigated with water drop by Rame-Hart instrument USA. The morphological 

characterization of Yb2S3, GO and GO/Yb2S3 composite thin films was carried out by 

field emission scanning electron microscope (model Crossbeam 1560 XBFIB 

workstation) and transmission electron microscope (TEM, Philips CM-30 unit, Point 

Resolution = 2.4 Å) with an acceleration voltage of 300 kV. 
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The electrochemical properties of Yb2S3, GO, and GO/Yb2S3 composite thin 

film were tested in the three-electrode cell system using Yb2S3, GO, and GO/Yb2S3 

composite thin films as a working electrode, platinum plate as a counter electrode, and 

mercury/mercury oxide (Hg/HgO) as a reference electrode. Electrochemical study was 

carried out in 1.0 M Na2SO4 aqueous electrolyte. The electrochemical capacitive 

performance of thin films was recorded by CV, GCD, and EIS using a battery cycler 

(ZIVE MP1 workstation, S. Korea). 

4.3 Results and discussion: 

4.3.1 Thin film formation and reaction mechanism: 

4.3.1.1 GO thin film formation: 

The well-dispersed GO nanosheets were applied to SS substrate using a layer-

by-layer (L-b-L) deposition method. GO sheets are coated on the SS substrate due to 

the chemical or Vander Waals force of attraction between surface of SS substrate and 

GO sheets. In L-b-L method, deposition cycles were repeated for 120 times to achieve 

the uniform GO thin films [23, 24]. The 0.37 g cm-2 of GO nanosheets was deposited 

after 120 cycles on a surface area of 5 cm-2.  The optimized preparative parameters at 

the room temperature (300K) for deposition of GO thin films (L-b-L method) are 

illustrated in table 4.1. 

Table 4.1: Optimized preparative parameters for room temperature (300K) deposition 

of GO thin films. 

 Parameters GO solution 

 Concentration (M) 1.0 ( mg/mL) 

 pH 4.7 

 Dipping time (s) 25 

 Drying time (s) 50 

 Deposition cycle 120 

 

4.3.1.2 Formation of GO/Yb2S3 composite thin films: 

The GO/Yb2S3 composite thin films were deposited by immersing the SS 

substrate in well dispersed GO solution and air drying. Subsequently, dipping SS 

substrate in separately placed (YbCl3) cationic and (Na2S) anionic precursors with 

rinsing between every immersion. The ion-by-ion deposition process of Yb2S3 on GO 

nanosheets takes place and the layer of GO/Yb2S3 composite was formed on the SS 

substrate. The above process was repeated for 120 times to obtain uniform GO/Yb2S3 
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composite films. Schematic of GO/Yb2S3 composite thin film formation by SILAR 

method is shown in Fig. 4.3 (Inset shows the photograph of GO/Yb2S3 composite thin 

film). Optimized preparative parameters of GO/Yb2S3 composite thin film deposition 

are shown in table 4.2. The 0.65 g cm-2 of GO/Yb2S3 composite material was deposited 

after 120 cycles on SS substrate.  

Table 4.2 The optimized preparative parameters at the room temperature (300K) for 

deposition of GO/Yb2S3 composite thin films. 

 Parameters Precursor  solutions 

GO (Cationic) YbCl3 (Anionic)  Na2S 

 Concentrations (M) 1.0 ( mg/mL) 0.10 0.15 

 pH 4.7 4.5 12 

 Dipping time (s) 25 20 20 

 Drying time (s) 50 10 10 

 Rinsing time (s) 20 20 20 

 Deposition cycle 120 

 

4.3.2 Structural studies: 

4.3.2.1 X-ray diffraction (XRD):  

 

Fig. 4.4: The X-ray diffraction patterns of (A) GO, (B), Yb2S3 and (C) GO/Yb2S3 

composite thin films.  

 

The XRD patterns were used to analyze the crystal structure formation of Yb2S3, 

GO and GO/Yb2S3 composite thin films.  Fig. 4.4 shows the XRD spectra of GO, 

Yb2S3, and GO/Yb2S3 composite thin films on SS substrate. The XRD pattern of GO 

(A) revealed an intense and sharp peak at 10.45° indicating (001) plane of GO 

corresponding to the interplanar spacing of 0.83 nm GO sheets [23, 24]. The diffraction 
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patterns of Yb2S3 (B) and GO/Yb2S3 (C) show intense peaks corresponding to (401), 

(012), and (600) planes of monoclinic crystal structure of Yb2S3 material (JCPDS card 

no. 65-2373) [36, 37]. The XRD pattern revealed that GO/Yb2S3 composite is 

nanocrystalline. The crystallite size, D was determined using Scherrer’s equation 2.7. 

The crystallite sizes of Yb2S3 and GO/Yb2S3 composites are 65.45 and 67.14 nm, 

respectively using (401) plane. The peaks in XRD patterns shown by the hash (#) 

correspond to SS substrate.  

4.3.2.2 X-ray photoelectron spectroscopy (XPS):  

 

Fig. 4.5: (A) The XPS survey spectrum of GO/Yb2S3 composite thin film and XPS 

spectra of (B) Yb4d region, (C) S2p region, (D) C1s region and (E) O1s region of 

GO/Yb2S3 thin film. 

 

Chemical composition and oxidation states of elements in GO/Yb2S3 

nanocomposite compound material were investigated using XPS spectra. The XPS 
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survey spectrum of GO/Yb2S3 sample illustrated in Fig. 4.5(A) reveals the existence of 

S2p, Yb4d, O1s and C1s elemental states. Fig. 4.5(B-E) shows the high resolution XPS 

spectra of Yb4d, S2p, C1s, and O1s. The chemical states of Yb4d illustrated in Fig. 

4.5(B). The deconvolated peaks at binding energies of 185.6, 189.1, 192.5, 195.73, and 

199.36 eV in Fig. 4.5(B) denoted as a, b, c, d, and e, respectively, are attributed to +3 

oxidation state of Yb [19, 28].  

Fig. 4.5(C) indicates S2p spectrum with peaks S2p3/2 and S2p1/2 cited at the 

binding energies of 163.6 and 164.9 eV, which is attributed to the sulfur orbital of 

divalent sulfide ions (S2-) [29, 30]. The observed C1s spectrum peaks of C=C, C-C and 

C-O-C with located the binding energies of 283.5, 284.5 and 286.2 eV, respectively are 

depicted in Fig. 4.5(D). The O1s spectrum peaks of C-O-H, C=C and C-O at cited 

binding energies of 530, 531.5 and 532.5 eV, respectively shown in Fig. 4.5(E) are 

consistent with the literature values [31, 32]. 

4.3.3 Morphological study 

4.3.3.1 Contact angle measurement: 

 

Fig. 4.6: Contact angle images of (A) Yb2S3, (B) GO and (C) GO/Yb2S3 composite thin 

films. 

Wettability of the electrode surface is an important property for supercapacitor 

applications [1]. The water contact angle images of Yb2S3, GO, and GO/Yb2S3 

composite thin films are shown in Fig. 4.6(A-C). If the wettability is more, less the 

contact angle value (θ < 90°), then the surface is hydrophilic. If wettability is high the 

contact angle value (θ > 90°), then surface is hydrophobic. The water contact angle 

values of GO, Yb2S3 and GO/Yb2S3 composite films are 57°, 49° and 31°, respectively, 

of which GO/Yb2S3 composite film is more hydrophilic as compared with other two 

films [16]. Ubale et al [19] deposited Yb2S3 thin film on SS substrate by CBD method 

and observed contact angle 61.2°. Ghogare et al [23, 24] synthesized GO, GO/La2S3 
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and GO/Sm2S3 thin films by SILAR method and obtained contact angle values of 80°, 

37° and 5°, respectively.  

4.3.3.2 Field emission scanning electron microscopy (FE-SEM): 

The FE-SEM images of Yb2S3, GO and GO/Yb2S3 composite thin films are 

demonstrated in Fig. 4.7(A-C) at 10 kX magnification. In case of Yb2S3 thin film, the 

nanoparticles are spread over the substrate as shown in Fig. 4.7(A). Inset of Fig. 4.7(A) 

displays that the nanoparticles with size of nanoparticles in between the 200-250 nm are 

interconnected. Fig. 4.7(B) shows the homogeneous layer structure formed with 

wrinkles-like morphology of GO thin film. The wrinkles present in GO thin film may 

be due to the formation of thin layer and wide length of GO nanosheets [7, 8].  

 

Fig. 4.7: FE-SEM images of (A) Yb2S3, (B) GO and (C) GO/Yb2S3 composite thin 

films at   magnification of 10 kX. 

 

Fig. 4.7(C) displays that Yb2S3 nanoparticles are aggregated on the surface of 

GO sheets, forming GO/Yb2S3 nanocomposite. The porous structure of composite is 

controlled due to the wrinkles of GO. The size of Yb2S3 nanoparticles is in between 

200-250 nm as seen as inset of Fig. 4.7(C). It might be noted that Yb2S3 nanoparticles 

are tightly adhered with GO sheets during SILAR process, which facilitates the 

aggregation of nanoparticles and restacking of GO sheets. The porous nanoparticles 

structure is helpful for the enhancement of supercapacitive activities. Pujari et al [20] 

deposited Yb2S3 thin film using the hydrothermal method and observed non-uniform 
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distributed nanorods. Ubale et al [19] synthesized Yb2S3 thin film by CBD method and 

displayed nano-grains like morphology. Ghogare et al [23, 24] deposited GO, 

GO/La2S3 and GO/Sm2S3 composite thin films by SILAR method and observed 

homogeneous layer structure, grass-like and flower-like surface morphologies, 

respectively.   

4.3.3.3 Transmission electron microscopy (TEM): 

TEM technique was used to find out the surface morphology, particle size and 

crystal structure of GO/Yb2S3 composite thin film material. The TEM images of 

GO/Yb2S3 composite thin film are shown in Fig. 4.8(A-C). Fig. 4.8(A) displays that 

Yb2S3 nanoparticles are agglomerated over the GO sheets. Fig. 4.8(B) illustrates the 

interplanar spacing (d) of GO/Yb2S3 thin film material as 0.237 nm, which is in 

agreement of interplanar spacing (d) determined from XRD studies. The interplanar 

spacing of 0.241 nm corresponds to the (401) plane of Yb2S3 and GO sheets spacing in 

the high-resolution transmission electron microscope (HR-TEM) image (Fig. 4.8(B)). 

The selected area electron diffraction (SAED) pattern image of GO/Yb2S3 reveals the 

nanocrystalline nature of material as shown in Fig. 4.8(C). It shows diffuse rings 

indicating the formation of nanoparticles. These results confirm of the formation of 

GO/Yb2S3 composite thin film material. 

 

Fig. 4.8: (A, B) HR-TEM images, and (C) selected area electron diffraction (SAED) 

pattern of GO/Yb2S3 composite material. 

 

4.3.4 Supercapacitive study: 

4.3.4.1 Cyclic voltammetry (CV): 

The CV measurement was performed to analyze the supercapacitive 

performance of Yb2S3, GO and GO/Yb2S3 composite electrodes using a three-electrode 

cell configuration system within a potential window of -1.0 to 0 V.Hg/HgO in 1.0 M 

Na2SO4 electrolyte. Fig. 4.9(A-C) shows the CV curves of Yb2S3, GO and GO/Yb2S3 

composite electrodes in the scan range of 5- 200 mV s-1. The quasi-rectangular curves 
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of Yb2S3, GO and GO/Yb2S3 thin films show the pseudocapacitor behavior. The area 

under of CV curve of GO/Yb2S3 composite electrode is larger than the bare GO and 

Yb2S3 electrodes as seen in Fig. 4.9(C). The specific capacitance (Cs) of Yb2S3, GO and 

GO/Yb2S3 composite electrodes was calculated from equation 2.13.  

 

Fig. 4.9: The CV curves (A) Yb2S3, (B) GO and (C) GO/Yb2S3 composite thin films at 

varied scan rates of 5-200 mV s-1, and (D) plots of specific capacitance versus scan 

rates for Yb2S3, GO and GO/Yb2S3 composite thin films.  

 

The GO/Yb2S3 composite electrode exhibits maximum specific capacitance of 

376 F g-1 compared to Yb2S3 (181 F g-1) and GO electrodes (193 F g-1) within potential 

window of -1.0 to 0.0 V.Hg/HgO  at 5 mV s-1 scan rate. The synergistic effect of 

GO/Yb2S3 composite thin film results in enhancing electrochemical supercapacitive 

activities [16]. The improvement of Cs in GO/Yb2S3 composite thin film could be due 

to the porous and interconnected morphology which leads to efficient charge storage 

and also facilitates the electrolyte diffusion and aggregation of electroactive material 

during the insertion/deinsertion time [12]. 

Fig. 4.9(D) indicates the plots of specific capacitance versus scan rate for Yb2S3, 

GO and GO/Yb2S3 composite electrodes. The Cs decreases with increase in the scan 

rate. The capacitance of Yb2S3, GO and GO/Yb2S3 composite electrodes decreased from 

181 to 80 F g-1, 193 to 85 F g-1 and 376 to 115 F g-1, respectively with scan rates from 5 

to 200 mV s-1. The decrease in Cs at higher scan rate is assigned to the presence of 
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inner active sites that cannot maintain the faradic transitions due to the diffusion effect 

of ions within the electrode [11].  

4.3.4.2 Galvanostatic charge discharge (GCD): 

 The GCD curves of Yb2S3, GO and GO/Yb2S3 composite electrodes recorded 

(1-5 A g-1) in the potential range from -1 to 0 V.Hg/HgO are shown in Fig. 4.10(A-C). 

As seen in Fig. 4.10 (A-C), GCD curves of Yb2S3 thin film are non-linear due to the 

pseudocapacitive nature where electrochemical adsorption-desorption reactions 

between the interface of electrode and electrolyte take place [33]. The GCD curves of 

GO thin film are linear due to the surface and near surface controlled capacitive 

behavior from GO thin film. For GO/Yb2S3 composite electrode, charging and 

discharging curves are almost symmetric due to its corresponding discharge counterpart 

with a small internal resistance (IR) drop, indicating the pseudocapacitive contribution 

along with the double layer contribution. The Cs of Yb2S3, GO and GO/Yb2S3 

composite electrodes are evaluated from relation 2.14. 

 

Fig. 4.10: The GCD curves of (A) Yb2S3, (B) GO and (C) GO/Yb2S3 composite thin 

films at various current densities 1-5 A g-1, and (D) plots of specific capacitance versus 

current density for Yb2S3, GO and GO/Yb2S3 composite thin films at current densities of 

1-5 A g-1. 

The maximum Cs achieved for Yb2S3, GO and GO/Yb2S3 composite electrodes 

are 155, 161 and 350 F g-1, respectively. The plots of Cs versus charging current 
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densities for Yb2S3, GO and GO/Yb2S3 composite electrodes are illustrated in Fig. 

4.10(D). During the GCD cycling test of Yb2S3, GO and GO/Yb2S3 composite 

electrodes, the charge/discharge time period enhanced at the lower current density, as 

the ions may totally occupy the active sites between the interface of electrode and 

electrolyte. Similarly, the charge/discharge time period decreased at higher current 

density, as the ions occupy the partial number of active sites between the interface of 

electrode and electrolyte, indicating that Cs is inversely proportional to the current 

density [34, 35].  

The charge-discharge mechanism of GO/Yb2S3 composite thin film is proposed 

by the following relation as, 

GO/Yb2S3 + xe− + xNa+ ↔  Nax
+. GO/Yb2S3                                                            (4.1) 

4.3.4.3 Stability: 

 

Fig. 4.11: Cyclic stability curves of (A) Yb2S3, (B) GO, and (C) GO/Yb2S3 composite 

thin films at scan rate 100 mV s-1, and (D) capacity retentions of Yb2S3, GO and 

GO/Yb2S3 composite thin films. 

 

The long term electrochemical cyclic stability is an important factor for the use 

of supercapacitors in practical applications. Fig. 4.11(A-C) shows the cyclic behavior 

over 3000 CV cycles of Yb2S3, GO and GO/Yb2S3 composite electrodes. It is seen from 
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Fig. 4.11(D) that, Yb2S3, GO and GO/Yb2S3 composite electrodes have 83, 89 and 93 % 

capacitive retention over 3000 CV cycles, respectively. The GO/Yb2S3 electrode shows 

the higher capacitive retention over Yb2S3 and GO thin films indicating less loss of 

active material in the electrolyte during CV cycling (Fig. 4.11(C)). Pujari et al [20] 

reported 78 % cyclic retention over 1000 cycles for hydrothermally deposited Yb2S3 

thin film. Ghogare et al [23] reported 88.14 % cyclic retention over 2000 cycles for 

SILAR synthesized GO/Sm2S3 composite thin films. 

4.3.4.4 Electrochemical impedance spectroscopy (EIS) study: 

The Nyquist plots of Yb2S3, GO and GO/Yb2S3 composite electrodes in the three 

electrode system obtained using the EIS in the frequency range from 100 kHz to 0.01 

Hz are shown as Fig. 4.12(A-C). The Rs suggesting the ionic resistance of applied 

electrolyte was calculated by non-zero intercept in the real axis (Z′) from the Nyquist 

curve [36]. The Rct at an electrolyte-electrode boundary region is particular by semi-

circular arc at higher frequency region [37]. The W is liable for travel between the 

lower and higher frequency regions. 

 

Fig. 4.12: Nyquist plots of (A) Yb2S3, (B) GO and (C) GO/Yb2S3 composite thin films 

[Inset shows the equivalent fitted circuit]. 

 

The Nyquist plots of Yb2S3, GO and GO/Yb2S3 composite electrodes have an 

almost vertical line in the low-frequency region, indicating a capacitive behavior.  The 

Rs, Rct and W values are calculated from best fitted data curves. The equivalent circuit 
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diagram is demonstrated as inset of Fig. 4.12. The Nyquist plots (Fig. 4.12) of Yb2S3, 

GO and GO/Yb2S3 composite electrodes consist of a semicircle loops at initial (high-

frequency region) and later sloped line (at a low-frequency region). The first point of 

the semicircle loops are ascribed to Rs and end points to Rct, and the slope of the line at 

low frequency is attributed to the W resistance. In the high-frequency region, Yb2S3, 

GO and GO/Yb2S3 composite electrodes show the solution resistance (Rs) of 4.29, 3.07 

and 1.70 Ω cm-2, respectively. The Rct of GO/Yb2S3 (8 Ω cm-2) composite electrode is 

less as compared to Yb2S3 (56 Ω cm-2) and GO (38 Ω cm-2) thin film electrodes. Less Rs 

and Rct suggest a small electrochemical resistance and high charge-transfer rate 

between the electrolyte and the active material. Walberg resistances (W) of Yb2S3, GO 

and GO/Yb2S3 composite electrodes are 60.32, 43.74 and 10.51 Ω cm-2, respectively. 

EIS parameters of Yb2S3, GO and GO/Yb2S3 thin films are shown in table 4.3. The 

improvement of electronic transportation in GO/Yb2S3 composite electrode is 

evidenced from EIS analysis. 

Table 4.3: EIS parameters of Yb2S3, GO and GO/Yb2S3 thin films. 

 Parameter Thin films 

Yb2S3 GO GO/ Yb2S3 

 Rs (Ω cm-2 ) 4.29 3.07 1.70 

 Q (mF) 117.3 24.12 9.16 

 Rct (Ω cm-2 ) 56.00 38.00 8.00 

 W (Ω cm-2 ) 60.32 43.74 10.51 

 

4.4: Conclusions: 

In summary, Yb2S3, GO, and GO/Yb2S3 composite thin films are successfully 

prepared by SILAR method over SS substrates at room temperature. The GO/Yb2S3 

composite thin film showed monoclinic crystal structure with hydrophilic nature. 

Morphology of GO/Yb2S3 composite thin film showed porous nanoparticles. 

Supercapacitive performance of GO/Yb2S3 composite thin film achieved a high Cs of 

376 F g-1, which is more than that of Yb2S3  (181 F g-1) and GO (193 F g-1) at scan rate 

5 mV s-1 within potential range of -1 to 0 V in 1.0 M Na2SO4 electrolyte. The 

GO/Yb2S3 composite thin film showed better electrochemical supercapacitive 

performance than GO and Yb2S3 thin films. Table 4.4 shows the supercapacitive 

performance of Yb2S3, GO and GO/Yb2S3 thin films.  
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Table 4.4: Supercapacitive performance of Yb2S3, GO and GO/Yb2S3 thin films.  

Method Thin film Spe. 

Cap. 

(Cs) 

(F g-1) 

Potential 

range 

(V.Hg/HgO) 

Sol. 

Resi., 

(Rs.(Ω 

cm−2)) 

Charge tran. 

Resi.,(Rct.(Ω 

cm−2)) 

Cyclic 

stability 

(%) 

L-b-L GO 193 -1 to 0 3.07 38 89 

SILAR Yb2S3 181 -1 to 0 4.29 56 83 

SILAR GO/Yb2S3 376 -1 to 0 1.70 8.0 93 

 

The GO/Yb2S3 composite thin film showed the porous nanoparticles surface 

morphology. The porous nanoparticles morphology obtained due to Yb2S3 composite 

with GO. The role of GO is to control pore structure. The porous surface texture can be 

applicable for electrochemical reaction. The porous morphology of GO/Yb2S3 

composite thin film electrode material is useful for more intercalation/deintercalation of 

electrolyte ion during a redox reaction. Therefore, specific capacitance of GO/Yb2S3 

composite thin film electrode is enhanced.  
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Section -A 

5A: Synthesis and characterization of manganese oxide thin films (SILAR 

method): 

5A.1: Introduction: 

The sample range of metal oxides (ruthenium, nickel, and manganese oxides, 

etc.) is used as supercapacitor thin film electrode materials [1]. Among the various 

transition metal oxides, manganese oxide (MnO2) is an extensively used in oxidation 

catalyst materials, supercapacitors, aqueous batteries, and other fields due to their low 

toxicity, abundant reserves, and simple synthesis process [2-5]. Especially in the field 

of supercapacitors, MnO2 is considered one of the most promising positive window 

electrode materials. The reasons of the admirable supercapacitive properties of MnO2 

can be summed up in two aspects. From the point of view, an electrochemical 

properties, MnO2 shows excellent supercapacitive properties: (i) a high theoretical 

capacitance (1,370 F g−1) referring to the single-electron faradic reaction of each 

manganese atom; (ii) a large potential window (0.0-1.0 V), and (iii) superb 

electrochemical supercapacitive behavior in the neutral electrolyte, leading to lower 

chemical corrosion of current collector [6]. In the point of view of economy and 

environmental protection, MnO2 is environmentally friendly, abundant in earth and it 

has low price [7]. These unique physical and chemical properties make MnO2 an ideal 

choice for pseudocapacitor thin film electrode materials. It is worth noting that, MnO2 

contains a number of crystal structures, including α-, β-, γ-, δ-, and λ-MnO2; and its 

electrochemical energy storage properties are determined by various crystal forms. 

Research has shown that, the chain or tunnel structure of α-, β-, and γ-MnO2 with large 

two dimensional tunneling structures facilitate electron transfer to provide a relatively 

large specific capacitance value [8, 9]. The surface area of δ-MnO2 with a sheet or 

layered-like structure is more favorable for cation intercalation/deintercalation than the 

amorphous structure. The three-dimensional hinge structure of λ-MnO2 can provide 

more active sites for superior supercapactor properties [10].  

There are more studies on the bulk MnO2 and less on film MnO2. The MnO2 

films have been prepared by various methods viz., co-precipitation [11], liquid-phase 

exfoliation (LPE) [12], potentiostatic electrodeposition [13], hydrolyzing [14], 

synergistic [15], etc. As compared to the other deposition methods, SILAR is an 

attractive one due to its own advantages such as cost effectiveness, simplicity and 
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reproducibility. It is greatly suitable for producing large-scale area thin films at room 

temperature and avoids corrosion or oxidation of metallic substrate [16]. 

In the present chapter, MnO2 thin films were prepared on SS substrate via 

SILAR method. The MnO2 thin films were characterized by X-ray diffraction (XRD), 

X-ray photoelectron spectroscopy (XPS), Fourier transform infra red spectroscopy (FT-

IR), contact angle and field emission scanning electron microscopy (FE-SEM) 

techniques. Supercapacitive properties of MnO2 thin films were studied using the CV, 

GCD, and EIS tests in 1 M Na2SO4 electrolyte.    

5A.2 Experimental details: 

5A.2.1 Substrate cleaning: 

         The cleaning of substrate procedure part is described in section 3A.2.1 (Chapter-

III).  

5A.2.2 Precursors: 

All the AR grade reagents such as manganese sulfate (MnSO4), potassium 

permanganate (KMnO4, 99.9%) and sodium sulfate (Na2SO4) were purchased from 

Thomas baker and used without further purification. DDW was used as a solvent in the 

experiment. All solutions were freshly prepared.  

5A.2.3 Synthesis of manganese oxide thin films: 

The MnO2 thin film was prepared by immersing the substrate in individually 

placed cationic (0.1 M MnSO4) and anionic (0.1 M KMnO4) precursor solutions and 

rinsing with every immersion time. Formation of MnO2 thin film material by SILAR 

method on SS substrate is described in following four steps (a-d): 

 a) The SS substrate is dipped in 50 ml DDW containing 0.1 M MnSO4 solution for 10 

s, the Mn2+ ions are adsorbed on SS substrate. b) Then substrate is dipped in DDW for 

20 s to the eliminating the loosely bounded Mn2+ ions. c) After the substrate is dipped 

in 50 ml DDW containing 0.1 M KMnO4 solution for 10 s, the O2- ions reacts with 

Mn2+ ions on the substrate and forms as MnO2 molecule. d) Repeated step ‘b’ to 

eliminate the unreacted or unbounded O2- ions or molecules. This completes one 

SILAR cycle for the formation of MnO2 film. Such 90 SILAR cycles were repeated to 

get an uniform MnO2 film.  

5A.2.4 Characterization: 

The crystallographic study of MnO2 film was carried out using X-ray 

difractometer (Rikagu 600 mini flex). The surface morphology of MnO2 film was 
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examined by field emission scanning electron microscope (model Crossbeam 1560 

XBFIB workstation). The chemical states of elements in MnO2 film were confirmed 

using X-ray photoelectron spectrometer (ThermoVG Scientific, United Kingdom). The 

chemical bands and vibration modes were identified using an alpha (II) Bruker 

instrument. The water contact angle was measured by Rame-Hart USA. 

Electrochemical behavior was tested in three electrode cell system using MnO2 thin 

film as a working electrode, platinum as a counter electrode and mercury/mercury 

oxide (Hg/HgO) as a reference electrode using battery cycler (ZIVE MP1 workstation, 

S. Korea). The electrochemical characterisations such as CV, GCD and EIS were 

studied in 1 M Na2SO4 electrolyte. 

5A.3 Results and discussion: 

5A.3.1 Film formation and reaction mechanism: 

In order to prepared MnO2 film over SS substrate via SILAR method, 0.1 M 

MnSO4 solution was used as a cation (Mn2+) source and 0.1 M KMnO4 solution as an 

anion (O2-) source. When SS substrate was immerged in cationic Mn2+ solution, the 

cations Mn2+ were adsorbed over the SS substrate. 

 

Fig. 5.1: The schematic preparation for deposition of MnO2 thin film electrode by 

SILAR method [Inset shows the photograph of MnO2 thin film electrode]. 

 

Then the SS substrate was dipped in DDW to remove the loosely bounded Mn2+ 

ions. The substrate was immersed in anionic solution, the O2- ions were reacted with 

Mn2+ ions for the formation of MnO2 thin film. Lastly, the substrate was again dipped 
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in DDW to remove the unreacted O2- ions or molecules. This completes one deposition 

cycle of MnO2 film formation. The possible MnO2 formation reaction can be written as, 

3MnSO4 + 2KMnO4 + 2H2O          5 MnO2 + K2SO4 + 2H2SO4                                            (5.1) 

   In this case, KMnO4 precursor solution acts as a strong oxidizing agent. These 

films are used as positive electrode in asymmetric devices. The schematic preparation 

for deposition of MnO2 thin film electrode by SILAR method is shown in Fig. 5.1 

[Inset shows the photograph of MnO2 thin film electrode by SILAR method]. The 

optimized preparative parameters for deposition of MnO2 film by SILAR method are 

given in table 5.1. 

Table 5.1: Preparative parameters for deposition of MnO2 thin film by SILAR method. 

Parameter Precursor  solutions 

Cationic MnSO4 Anionic KMnO4 

 Concentrations (M) 0.1 0.1 

 pH 6.5 5.5 

 Dipping time (s) 10 10 

 Drying time (s) 10 10 

 Rinsing time (s) 20 20 

 Deposition temperature (degree celsius) 27 27 

 

5A.3.2 Structural studies: 

5A.3.2.1 X-ray diffraction (XRD) study: 

 

         Fig. 5.2: The XRD pattern of MnO2 thin film. 

The XRD pattern of MnO2 thin film material is demonstrated in Fig. 5.2. The 

diffraction peaks correspond to the (100), (200), (103) and (310) planes of tetragonal 
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phase of α-MnO2 thin film material [JCPDS card no. 44-0141] [16]. The XRD pattern 

revealed that α-MnO2 thin film material is nanocrystalline. The crystallite size ‘D’ was 

determined from Scherer’s equation was 43 nm using (100) plane. The diffraction 

peaks denoted by hash (#) correspond to SS substrate. The lower intensity of diffraction 

peaks for MnO2 film indicates the nanocrystalline nature. 

5A.3.2.2 X-ray photoelectron spectroscopy (XPS): 

To investigate the chemical composition and oxidation state in MnO2 thin film 

material, XPS was examined. The survey scan spectrum of MnO2 thin film 

demonstrated in Fig. 5.3(A) reveals the existence of Mn2p and O1s elemental states. 

Fig. 5.3(B, C) displays high resolution XPS spectra of MnO2 material. The binding 

energy peaks at 642.2 and 653.3 eV correspond to Mn2p3/2 and Mn2p1/2 states, 

respectively [17]. The O1s spectrum peaks of C-O-H, C=C and C-O at cited binding 

energies of 530, 531.5 and 532.5 eV, respectively shown in Fig. 4.5(E) are good 

agreement with literature [18]. These results confirm the formation of MnO2 thin film 

material. 

 

Fig. 5.3: (A) The XPS survey spectrum of MnO2 thin film. The XPS spectra of MnO2 

thin film for (B) Mn2p region and (C) O1s region and (D) FT-IR spectrum of MnO2 

thin film. 
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5A.3.2.3 Fourier transform infrared spectroscopy (FT-IR): 

FT-IR is a sensitive tool for find out vibration mode and different bands from 

thin film material. The MnO2 sample was characterized via FT-IR spectroscopic 

technique in the wavenumber range between from 4000-400 cm−1. Fig. 5.3(D) 

demonstrates the FT-IR spectrum of MnO2 thin film. The broad band or peak at 

wavenumber of 3382 cm−1 is assigned due to –OH stretching vibration mode [19]. The 

absorption peak at a wavelength of 1516 cm−1 certify the -C-O bending vibrations 

joining with Mn-atoms [20]. A number of small incorporated peaks around of 1291 and 

1053 cm−1 are twisting vibration of O-H bonds connected to Mn-atoms [21]. The 

incorporated peak at 621 cm−1 is related to the linking mode of Mn-O stretching mode 

[22]. 

5A.3.2.4 Morphological study: 

5A.3.2.4.1 Contact angle measurement: 

 

Fig. 5.4: (A) Contact angle image of MnO2 thin film. The FE-SEM images of MnO2 

thin film at magnifications of (B) 20 kX and (C) 50 kX.  

 

Wettability of the electrode surface is an important property for supercapacitor 

applications [23]. The contact angle measurement was made to find out the nature or 

hydrophilic/hydrophobic property of MnO2 thin film on SS substrate. The contact angle 

image of MnO2 thin film is shown in Fig. 5.4(A). Contact angle value of 49.7° 
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indicates the hydrophilic nature of MnO2 thin film, which is useful to improve the 

electrochemical performance [24, 25].  

5A.3.2.4.2 Field emission scanning electron microscopy (FE-SEM): 

The FE-SEM is an important and convenient technique to analyze the surface 

textural properties of thin film material. In thin film, surface morphology plays 

important role lead to enhance the specific capacitance (Cs). The FE-SEM images of 

MnO2 thin film material are shown in Fig. 5.4(B-C) at magnification of 20 kX and 50 

kX. The MnO2 nanoparticles are interconnected with each other and spread over the 

substrate as depicted in Fig. 5.4(B). The size of nanoparticles varies between 90-170 

nm as seen in Fig. 5.4(C) at magnification of 50 kX. Such nanoparticles are useful to 

enhance the electrochemical supercapacitive activities [26]. Singu and Yoon [27] 

obtained nanosphere surface texture of MnO2 films by SILAR method. Jana et al [28] 

synthesized hierarchical MnO2 thin film via facile hydrothermal method and observed 

nanorods surface morphology. Patil et al [29] converted surface architecture of SILAR 

synthesized MnO2 film from interlocked cubes to porous nanowalls. 
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Section- B 

5B: Supercapacitive performance of manganese oxide thin films: 

5B.1 Supercapacitive study: 

5B.1.1 Cyclic voltammetry (CV):  

The CV curves of MnO2 thin film in 1.0 M Na2SO4 electrolyte within a 

potential window of 0.0 to +1.0 V.Hg/HgO at a various scan rates are shown in Fig. 

5.5(A). Fig. 5.5(B) shows the plot of Cs at different scan rates of MnO2 thin film 

material. MnO2 thin film exhibits the Cs of 421 F g-1 at scan rate 5 mV s-1.  

 

Fig. 5.5: (A) The CV curves of MnO2 thin film at varied scan rates from 5 to 200 mV s-

1, (B) plot of Cs versus different scan rates at 5-200 mV s-1, (C) the GCD curves of 

MnO2 thin film at various current densities of 1-5 A g-1 and (D) plot of Cs versus 

current density of 1-5 A g-1. 

5B.1.2 Galvanostatic charge discharge (GCD): 

To investigate the rate capability and to determine the Cs of MnO2 thin film, the 

GCD test was performed at different current densities [29]. The GCD curves of MnO2 

thin film at different current densities at 1-5 A g-1 in the potential window of 0.0-1.0 

V.Hg/HgO in the 1.0 M Na2SO4 is shown in Fig. 5.5(C). The Cs of 405 F g-1 is 
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obtained at 1.0 A g-1 current density. Fig. 5.5(D) illustrates the plot of Cs versus 

different current density of 1-5 A g-1.  

 

Fig. 5.6: (A) The stability CV curves of MnO2 thin film, (B) plot of capacity retention 

versus cycle number and (C) Nyquist plot of MnO2 thin film. 

 
The bulk faradic reaction is may be due to the insertion/reinsertion of electrolyte 

ions in the bulk of MnO2 as [30].  

MnO2 + Na+ + e- ↔ (MnOONa)                                                                                 (5.2)  

5B.1.3 Stability: 

Fig. 5.6(A) illustrates the electrochemical long life cyclic performance of MnO2 

thin film recorded up to 3000 cycles at a scan rate of 100 mV s-1. The plot of capacity 

retention versus cyclic number for MnO2 thin film material is shown in Fig. 5.6(B). The 

MnO2 thin film exhibits 94 % capacititive retention over 3000 CV cycles. The small 

decay seen in the long life cycling stability is attributed to the degradation of the thin 

film active material in an electrolyte during cycling CV process [31]. 

5B.1.4 Electrochemical impedance spectroscopy (EIS): 

The Nyquist plot of MnO2 thin film in the range of frequency between 0.001 Hz 

to 1 MHz is depicted in Fig. 5.6(C) and inset shows fitted equivalent circuit. The 

Nyquist plot indicates a tiny semicircle at high frequency domain, which is credited to 
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the charge transfer process. The Rs determined from the X-axis intercept of the Nyquist 

plot is 0.81 (Ω cm-2). In the lower frequency range, the straight line nature is attributed 

to the ion diffusion in the electrolyte as the Warburg resistance. The Rct and W values 

of MnO2 electrode are 4.46 and 5.71 Ω cm-2, respectively. The EIS parameters of MnO2 

thin film are shown in table 5.2. 

Table 5.2: The EIS parameters of MnO2 thin film in 1M Na2SO4 electrolyte. 

Parameter Values of parameter 

Rs (Ω cm−2) 0.81 

Q (mF) 1.853 

Rct (Ω cm−2) 4.46 

W (Ω cm−2) 5.71 

 

5C. Conclusions: 

The MnO2 thin film was synthesized on SS substrate using simple, binder-free 

and inexpensive SILAR method. The FE-SEM study showed the nanoparticles-like 

surface texture.  The MnO2 thin film showed hydrophilic nature with contact angle of 

49.7°. It showed Cs of 421 F g-1 at a scan rate of 5 mV s-1 in 1 M Na2SO4 electrolyte 

with 94 % capacitive retention for 3000 CV cycles.  This study indicates that MnO2 thin 

film electrode is a promising candidate as a cathode material for asymmetric 

supercapacitor device. 
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6.0 Introduction: 

The rare earth metal (REM) chalcogenides have much attention in different 

fields due to their unique physico-chemical characteristics [1]. In the rare earth metal 

chalcogenides, the REM sulfides have more conductivity and large potential window 

than the other oxide and hydroxide materials. In rare earth metal, ytterbium exhibits the 

multiple oxidation states (Yb+, Yb2+ and Yb3+), which leads to enhance the specific 

capacitance (Cs). Therefore, ytterbium sulfide (Yb2S3) is a one of the potential material 

for supercapacitor. The REM chalcogenides are used in different fields such as sensor 

[2], microelectronics [3], photoelectrochemical cell [4], protective coating layer [5], 

biomedicine [6] and supercapacitor [7].  

Moreover, a boost in value of Cs and wide working voltage are the effective 

approaches to enhance the energy density of symmetric and asymmetric devices [8]. As 

a cathode electrode, manganese oxide (MnO2) (pseudocapacitive) has been widely 

investigated due to its low cost, ecofriendly nature, high theoretical Cs, and positive 

wide potential window (0 to +1 V). Formation of nanostructured MnO2 thin film over a 

stainless steel substrate is binder-free, uniform, and adherent, which is useful for 

improving cycling performance of the electrode [9]. On the other hand, as a negative 

electrode material, the carbon based composite electrodes (graphene/MoS2, 

MWCNTs/MoS2, GO/Sm2S3 and GO/La2S3 electrodes) with wide potential operating 

window (0 to -1 V) and high stability are used [10-13]. An energy density (E.D.), 

indicated as E.D. = 0.5 CV2 (E.D. is directly proportional to the capacitance and square 

of working potential window), may be improved by raising the capacitance of active 

electrode materials and working potential window (V) [14, 15]. GO/Yb2S3 

nanocomposite, a new material, can be used as a negative electrode material in 

electrochemical supercapacitors owing to its wide negative potential window, high 

capacitance and cycling stability. The combination of MnO2 as a positive and 

GO/Yb2S3 as a negative thin film electrode in solid-state supercapacitor is not studied, 

so far. 

This chapter deals with preparation of Yb2S3, GO/Yb2S3 composite and MnO2 

electrodes by chemical methods such as CBD and SILAR. The fabrication of 

symmetric and asymmetric devices was carried out using the Yb2S3, GO/Yb2S3 

composite and MnO2 electrodes in PVA-KOH, and PVA-Na2SO4 polymer gel 
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electrolytes. The supercapacitive performance of symmetric and asymmetric devices 

was evaluated using the various techniques such as CV, GCD and EIS. Also, practical 

demonstration symmetric and asymmetric supercapacitor devices is made. 

6.1 Section-A 

6.1A: Fabrication and performance evaluation of (Yb2S3/Yb2S3) flexible solid state 

symmetric supercapacitor device (CBD method) 

6.1A.1 Introduction: 

This section deals with the electrode preparations, fabrication and 

supercapacitive performance evaluation of flexible solid state symmetric supercapacitor 

(FSS-SSc) device (CBD method). 

6.1A.2 Experimental details: 

6.1A.2.1 Electrode preparation: 

The CBD method was used for synthesis of Yb2S3 electrodes on stainless steel 

(SS) substrate. The preparative parameters for Yb2S3 electrodes are given detailed in 

chapter-III 3A.1.3. 

6.1A.2.2 Polymer gel electrolyte (PVA-KOH) preparation: 

A 3 g of polyvinyl alcohol (PVA) was dissolved in 30 mL DDW at the 

temperature of 354 K to get transparent and viscous gel solution [16]. In to this 1.0 M 

20 mL freshly prepared KOH solution was added drop wise to form PVA-KOH gel 

electrolyte. 

6.1A.2.3 Fabrication of flexible solid state symmetric supercapacitor (FSS-SSc) 

device: 

Fig. 6.1(A-C) shows the device fabrication process of Yb2S3/PVA-KOH/Yb2S3 

configuration. The Yb2S3 films deposited on SS substrate were used as electrodes in the 

device fabrication. The edges of Yb2S3 electrodes were sealed with insulating tape to 

avoid the electrical short circuit as shown in Fig 6.1(A). The gel electrolyte was 

prepared by dissolving a polyvinyl alcohol (PVA) and potassium hydroxide (KOH) in 

DDW. The thin layer of gel electrolyte was pasted over Yb2S3 electrodes (Fig 6.1(B)). 

The pressure ~ 1.0 ton was applied on the assembled device using hydraulic press to 

remove air and voids with the intention of good contact and to improve its mechanical 

properties (Fig 6.1(C)). 
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Fig. 6.1: Photographs of (A) Yb2S3 electrode with sealed edges by tape, (B) application 

of thin layer of gel electrolyte on both Yb2S3 electrodes and (C) assembly of device (5 

x 5 cm2).  

 

6.1A.3 Supercapacitive performance of FSS-SSc device: 

6.1A.3.1 Cyclic voltammetry (CV): 

Fig. 6.2(A) illustrates the performance of FSS-SSc device studied in various 

potential windows from 1.0 to 1.8 V at 100 mV s-1 scan rate. The FSS-SSc device 

displays symmetric area under curve at potential window up to 1.6 V [17]. 

The CV curves of device displayed in Fig. 6.2(B) are recorded with scan rates 

ranging from 5 to 200 mV s-1 in the potential window 0 to 1.6 V. Fig. 6.2(C) shows the 

Cs values of device at different scan rates. The device Cs decreases from 15 to 8 F g-1 

as scan rate changes from 5 to 200 mV s-1. The maximum Cs at low scan rate is due to 

more utilization in the active material and time for electrochemical reaction process 

[18]. 
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Fig. 6.2: (A) The CV curves for selection of potential window at different voltages, (B) 

the CV curves for Yb2S3/PVA-KOH/Yb2S3 FSS-SSc device at scan rates of 5-200 mV 

s-1, (C) plot of specific capacitance versus scan rate, (D) the GCD curves for 

Yb2S3/PVA-KOH/Yb2S3 FSS-SSc device at 0.2 - 0.5 A g-1 current densities, and (E) 

plot of specific capacitance versus current density.  

 

6.1A.3.2 Galvanostatic charge discharge (GCD): 

 

The GCD curves for the device recorded at current densities of 0.2 to 0.5 A g-1 

are shown in Fig. 6.2(D). The GCD curves show the quasi-triangular shape, therefore 

GCD curves exhibit surface redox pseudocapacitor behaviour [19]. As current density 

increases from 0.2 to 0.5 A g-1, discharge time decreases which may be due to the 

enhancement of insufficient active material involved in oxidation and reduction 
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reactions under higher current densities. Fig. 6.2(E) indicates the plot of specific 

capacitance versus charging current density. The maximum Cs of 9.0 F g-1 is obtained 

at a current density of 0.2 A g-1. The large number of electrolyte ions passes inside the 

electrode owing to nano-grains like morphology as more charging time availability at 

low current density which results into high Cs value [16].  

6.1A.3.3 Ragone plot: 

The energy density (E.D.) and power density (P.D.) of device are calculated 

from the relations 2.15 and 2.16. Fig. 6.3(A) shows the Ragone plot of the device. The 

maximum value of energy density 6.40 Wh kg-1 at power density 0.30 kW kg-1 is 

obtained at a current density of 0.2 A g-1. Patil and Lokhande [20] fabricated symmetric 

solid-state supercapacitor device using lanthanum sulfide electrode with LiClO4-PVA 

gel electrolyte and reported specific energy of 0.14 Wh kg-1 at specific power of 22.7 W 

kg-1. 

6.1A.3.4 Flexibility: 

To use FSS-SSc device in the portable electronic application as a practical 

energy storage device, it should have mechanical flexibility along with high power 

density and high energy density. Therefore, a series of CV measurements within 0-1.6 

V potential window were examined for various bending angles of 0°, 45°, 90˚, 135°, 

and 165° at scan rate of 100 mV s−1 (Fig. 6.3(B)). The mechanical twisting of the 

device could result in structural degeneration of the electrode, affecting on charge 

storage capability [21, 22]. The plot of capacitive retention versus bending angle is 

demonstrated in Fig. 6.3C and insets of Fig. 6.3C demonstrate photographs of device at 

different bending angles. The excellent capacity retention (95 %) of the device even 

over the 165° twisting angle powerfully supports the admirable flexibility and stability 

of the device. Capacitive retention versus different bending angles of FSS-SSc device is 

shown in table 6.1.  

Table.6.1: Capacitive retention values at different bending angles of FSS-SSc device. 

 Bending angle Capacitive retention of FSS-SSc device (%) 

 0° 100 

 45° 99.5 

 90° 98 

 135° 97 

 165° 95 
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Fig. 6.3: (A) The Ragone plot for Yb2S3/PVA-KOH/Yb2S3 FSS-SSc device, (B) the CV 

curves of FSS-SSc device at various bending angles, (C) plot of capacitive retention 

versus bending angle [Insets show photograph of device at different bending angles], 

(D) stability of Yb2S3/PVA-KOH/Yb2S3 FSS-SSc device at scan rate of 100 mV s-1 

with PVA-KOH gel electrolyte, (E) capacitive retentions up to 3000 cycles at a scan 

rate of 100 mV s-1, and (F) Nyquist plot for Yb2S3/ PVA-KOH/Yb2S3 FSS-SSc device  

[Inset shows the equivalent circuit].  

 

6.1A.3.5 Stability: 

The cyclic stability of device is a significant parameter in electrochemical 

process, which was an analyzed thorough CV curve. The CV curves of device were 

recorded at constant scan rate of 100 mV s-1 over 3000 cycles as shown in Fig. 6.3(D). 

The specific capacitive retention of device is shown in Fig. 6.3(E). The area under 
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curves of device decreases with increase in the cycle numbers at constant current 

density, which is due to degradation of electroactive material during charging-

discharging process [18]. The device shows 78 % capacitive retention for 3000 CV 

cycles. 

6.1A.3.6 Electrochemical impedance spectroscopy (EIS): 

 Nyquist plot of device in the frequency region 1 Hz to 0.1 MHz with AC 

amplitude 10 mV was recorded.  Fig. 6.3(F) shows the Nyquist plot of device and the 

inset shows the best fitted equivalent circuit to the Nyquist plot. The Nyquist plot of 

device gives the Rs of 2.22 Ω cm-2
.  In the mid-term frequency part, Rct of 32.5 Ω cm-2 

is observed. In the low frequency region, W of 33.01 Ω cm-2 is associated with the 

diffusion of K+ ions in to Yb2S3 electrode. The electrochemical impedance parameters 

of device are given in table 6.2. 

Table 6.2: The electrochemical impedance parameters for FSS-SSc device. 

Parameter Value of parameters 

Rs (Ω cm-2) 2.22 

Q (mF) 29.23 

Rct (Ω cm-2) 32.5 

W (Ω cm-2) 33.01 

 

The demonstration of device was recorded by glowing two red LED. Fig. 6.4(A, 

B) indicates the images of red light emitting diodes (LEDs) glowing for 1 and after 55 

s, respectively. The device shows good charge storage ability.  

 

Fig. 6.4: Images of two red LED glowing at (A) 1 and (B) 55 s. 



Fabrication and performance evaluation of flexible solid state symmetric and 

asymmetric supercapacitor devices based on ytterbium sulfide, graphene 

oxide/ytterbium sulfide composite and manganese oxide electrodes 
 

Chapter-VI Page 112 
 

 

Fig. 6.5: (A) The I-V characteristic of two red LEDs and (B) the current, voltage and 

power versus time graphs of FSS-SSc device during discharging. 

 

Fig. 6.5(A) illustrates the I-V characteristic of two red LEDs. Fig. 6.5(B) 

demonstrates the plots of current, voltage and power with discharging time of device 

using two LEDs. It is seen that, the discharge current decreases from 120 to 85 mA and 

voltage decreases from 3.2 to 1.7 V and the also power decreases from 380 to 150 mW. 

6.2 Section -B 

6.2B: Fabrication and performance evaluation of (Yb2S3/Yb2S3) flexible solid state 

symmetric supercapacitor device (SILAR method) 

6.2B.1 Introduction: 

Section-B deals with the preparations of Yb2S3 electrodes, fabrication and 

supercapacitive performance evaluation of flexible solid state symmetric supercapacitor 

(FSS-SSc) device (SILAR method). 

6.2B.2 Experimental details: 

6.2B.2.1 Electrode preparation: 

The synthesis and preparative parameters of Yb2S3 electrodes by SILAR 

method are given in (3B.2.3 and 3B.3.1) chapter-III. 

6.2B.2.2 Polymer gel electrolyte (PVA-Na2SO4) preparation: 

A 6 gm of poly-vinyl alcohol (PVA) was dissolved in 60 mL DDW at the 

temperature of 354 K to get transparent and viscous gel solution [16]. In to this, 1.0 M 

40 mL freshly prepared Na2SO4 solution was added drop wise to the formation of PVA-

Na2SO4 gel electrolyte. 

6.2B.2.3 Fabrication of flexible solid state symmetric supercapacitor device: 
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The FSS-SSc device with the configuration of Yb2S3/PVA-Na2SO4/Yb2S3 is 

depicted in Fig. 6.6(A-D). Two Yb2S3 electrodes (5 x 5 cm2) deposited on SS substrate 

were used in the fabrication of FSS-SSc device as depicted in Fig. 6.6(A). The PVA-

Na2SO4 polymer gel electrolyte is painted over the electrode surfaces (Fig. 6.6(B)). The 

sides or edges of both electrodes were sealed using insulating plastic tape to avoid an 

electrical short circuit as illustrated in Fig. 6.6(C). The FSS-SSc device fabricated with 

a thin layer of electrolyte gel painted on both electrodes was assembled into a 

sandwiched structure. The FSS-SSc device assembly was sealed with the adhesive tape 

(Fig. 6.6(C, D)) and pressure of ~ 0.7 ton was applied on the assembled FSS-SSc 

device using hydraulic press with the intention of better mechanical properties. The 

supercapacitive performance of FSS-SSc device was tested out via CV, GCD, stability 

and EIS studies. 

 

Fig. 6.6: Photographs of (A) Yb2S3 deposited on the SS substrate electrodes with (5x5 

cm2) area, (B) PVA-Na2SO4 gel electrolyte painted on Yb2S3 electrodes, (C) both the 

electrode edges sealed with insulator tape and (D) assembled FSS-SSc device. 

 

6.2B.3 Supercapacitive study of FSS-SSc device: 

6.2B.3.1 Cyclic voltammetry (CV): 

Fig. 6.7(A) illustrates CV plots of FSS-SSc device with various voltage 

windows (1.0 to 1.8 V) which reveal symmetric area under CV curve up to the potential 



Fabrication and performance evaluation of flexible solid state symmetric and 

asymmetric supercapacitor devices based on ytterbium sulfide, graphene 

oxide/ytterbium sulfide composite and manganese oxide electrodes 
 

Chapter-VI Page 114 
 

window of 1.6 V. Therefore, 1.6 V potential window is chosen for the testing of 

supercapactive activity of the device. Fig. 6.7(B) demonstrates the CV plots at various  

 

Fig. 6.7: (A) Potential window selection in the voltage ranging from 1.0 to 1.8 V at 100 

mV s-1 scan rate, (B) the CV curves of FSS-SSc device at different scan rates of 5-200 

mV s-1, (C) plot of Cs versus scan rate, (D) the GCD curves at current densities from 

0.5-1.0 A g-1 and (E) plot of Cs versus current density. 

 

scan rates from 5 to 200 mV s-1, which show quasi-rectangular shape of the CV curve. 

The FSS-SSc device exhibits Cs of 21 F g-1 at the scan rate of 5 mV s-1. Fig. 6.7(C) 

displays the plot of Cs versus scan rate, which indicates decrease in Cs with increasing 

scan rate. Yadav et al [23] fabricated FSS-SSc with the configuration as La2O3/PVA-
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LiClO4/La2O3 and reported Cs of 10 F g-1 at 5 mV s1 scan rate.  Patil and Lokhande [20] 

reported Cs of 3.3 F g-1 at the scan rate of 5 mV s-1 for FSS-SSc device with the 

configuration of La2S3/PVA-LiClO4/La2S3. 

6.2B.3.2 Galvanostatic charge discharge (GCD): 

 

Fig. 6.7(D) reveals the GCD curves of FSS-SSc device at various current 

densities from 0.5 to 1.0 A g-1. The shape of the GCD curves is quassi-tringular, which 

is owing to the surface redox pseudocapacitive nature of the device. Fig. 6.7(E) shows 

the plot of Cs versus current density and it indicates that Cs decreases with an increase 

in current density. 

6.2B.3.3 Ragone plot: 

The most significant factors, which demonstrate the energy storage ability of 

device, are the E.D. and P.D.  Fig. 6.8(A) shows the Ragone plot of device.The FSS-

SSc device achieved E.D. of 7.68 Wh k g-1 at the P.D. of 0.38 kW kg-1. 

6.2B.3.4 Flexibility: 

The flexibility of the device without reducing its supercapacitive performance is 

of extensively important for the pertinence of device in various portable electronic 

devices [24, 25]. Therefore, to study the mechanical flexibility of the device, we 

performed the CV measurement of symmetric device at various bending angles at 100 

mV s-1 scan rate Fig. 6.8(B). It is fascinating to note that, bending of device even at an 

angle of 165°, the shapes of CV curves remains same, signifying the excellent adhesion 

of active electrode material with current collector and superior feature of the active 

electrode material/gel electrolyte at interface. Fig. 6.8(C) shows the capacitive retention 

versus bending angle and it is observed that, the device retained 96 % of starting 

capacitance even at bending of device at an angle of 165°. The insets of Fig. 6.8C 

demonstrates photograph of device at different bending angles. Capacitive retention 

values at different bending angles of FSS-SSc device are shown in table 6.3. 

Table 6.3: Capacitive retention values at different bending angles of FSS-SSc device. 

Bending angle Capacitive retention of FSS-SSc device (%) 

 0° 100 

 45° 99 

 90° 98.5 

 135° 97 

 165° 96 
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Fig. 6.8: (A) The Ragone plot of FSS-SSc device, (B) the CV curves of FSS-SSC 

device at different bending angles, (C) plot of capacitive retention versus bending 

angles [Insets show photograph of device at different bending angles], (D) cyclic 

stability curves of FSS-SSc device at scan rate of 100 mV s-1 for 3000 CV cycles, (E) 

plot of capacity retention versus cycle number and (F) Nyquist plot of FSS-SSc device 

(Inset demonstrates the equivalent circuit). 

 

6.2B.3.5 Stability: 

 Fig. 6.8(D) shows the cyclic stability of the FSS-SSc device at a constant scan 

rate of 100 mV s-1 for 3000 CV cycles, which indicates the area under CV curve 

decreases with increasing the number of CV cycles. Fig. 6.8(E) illustrates the capacity 

retention versus number of cycle. The FSS-SSc device showed 80 % capacitive 
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retention after the 3000 CV cycles. Yadav et al [23] fabricated FSS-SSc using La2O3 

electrode and reported 79 % stability retention over 1000 CV cycles. Patil and 

Lokhande [20] reported 73 % cyclic retention up to 1000 CV cycles for fabricated FSS-

SSc device using La2S3 electrodes.  

6.2B.3.6  EIS study: 

EIS technique was used to investigate the capacitive and resistive components 

of FSS-SSc device. The Nyquist plot of FSS-SSc device is presented in Fig. 6.8(F). 

The inset of Fig. 6.8(F) demonstrates equivalent circuit and shows values of Rs, Rct 

and W of the device as 3.5, 46.3 and 48.7 Ω cm-2, respectively. Table 6.4 shows fitted 

parameters for equivalent circuit data. 

Table 6.4: Impedance parameters for FSS-SSc device. 

Parameter Values of parameters 

Rs (Ω cm−2)  3.5 

 Q (mF) 0.85 

Rct (Ω cm−2) 46.3 

W (Ω cm−2) 48.7 

 

 

Fig. 6.9: Photographs of two red LEDs glowing at (A) 1 and (B) 60 seconds. 

   Fig. 6.9 (A, B) show photographs of the device of two series connected devices 

to glow two red light emitting diodes. Both series connected devices were charged for 

30 s and the image of glowing LEDs for time periods of 1 and 60 s is captured. The 

intensity of LEDs decreases with time (Fig. 6.9(B)). Therefore, the significant initial 
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glowing intensity of LEDs attributed to the high P.D. of the device as well as high E.D. 

of device is confirmed.  

 

Fig. 6.10: The current, voltage and power versus time graphs of FSS-SSc device during 

discharging. 

 

The plots of current, voltage and power with discharging time of device are 

demonstrated in Fig. 6.10. It is seen that, the discharge current decreases from 130 to 

85 mA and voltage decreases from 3.2 to 1.7 V and also the power decreases from 410 

to 150 mW. 

The (SILAR) symmetric device exhibited better performance than (CBD) 

symmetric device. The (SILAR) symmetric device (Yb2S3/PVA-Na2SO4/Yb2S3) 

showed better output in PVA-Na2SO4 gel electrolyte owing to the more 

charge/discharge propagation with good reversibility than (CBD) symmetric device 

(Yb2S3/PVA-Na2SO4/Yb2S3) in PVA-KOH gel electrolyte. 

6.3 Section-C 

6.3C: Fabrication and performance evaluation of (GO/Yb2S3//GO/Yb2S3) flexible 

solid state symmetric supercapacitor device (SILAR method) 

6.3C.1 Introduction: 

The present section deals with synthesis of GO/Yb2S3 composite electrodes, 

fabrication and supercapacitive performance of FSS-SSc. 

6.3C.2 Experimental details: 

6.3C.2.1 Electrode preparation: 
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The SILAR method is used for synthesis of GO/Yb2S3 composite electrodes 

over SS substrate. The preparative parameters for Yb2S3 electrodes are given detailed in 

(4A.1.3). 

6.3C.2.2 Polymer gel electrolyte (PVA-Na2SO4) preparation: 

The preparation of PVA-Na2SO4 polymer gel electrolyte process is described 

detail in 6.2B.2.2. 

6.3C.2.3 Fabrication of (GO/Yb2S3//GO/Yb2S3) flexible solid state symmetric 

supercapacitor device: 

 

Fig. 6.11: The schematic representation of FSS-SSc device formation of GO/Yb2S3// 

GO/Yb2S3 composite electrodes. 

A FSS-SSc device of configuration GO/Yb2S3//GO/Yb2S3 was prepared for 

testing the practical ability of composite electrodes. The device was made by two 

identical GO/Yb2S3 composite electrodes with sandwiched polymer gel electrolyte. 

Polymer gel electrolyte offers different features as compared to the liquid electrolyte 

such as smaller size, leakage-free system, higher range thermal stability as well as 

excellent electrochemical stability, effective ionic separator and flexible setup for the 

supercapacitor [26, 27]. The symmetric device fabrication process is explained in detail 

6.2B.3. Fig. 6.11 shows the schematic diagram for formation of FSS-SSc 

(GO/Yb2S3//GO/Yb2S3) device. 

6.3C.3  Supercapacitive performance evaluation of FSS-SSc device: 
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The electrochemical performance of FSS-SSc (GO/Yb2S3//GO/Yb2S3) device 

was carried out with CV, GCD, stability and EIS studies. 

6.3C.3.1 Cyclic voltammetry (CV): 

 

Fig. 6.12: (A) Potential window selection in the voltage range from 1.0 to 1.8 V, (B) 

the CV curves of FSS-SSc device at varied scan rate of 5-200 mV s-1, (C) plot of 

specific capacitance versus scan rate, (D) the GCD curves at charging current densities 

from 1-5 A g-1 and (E) plot of specific capacitance versus current density.  

 

The CV curve measurements of FSS-SSc device was accomplished in different 

potential windows (1.0 to 1.8 V) at a fixed scan rate of 100 mV s-1 and depicted in Fig. 

6.12(A). Fig. 6.12(A) reveals that 0.0 to 1.8 V wide potential window is suitable for 

FSS-SSc device as it exhibits a wider area under the CV curve and excellent current 

response. Fig. 6.12(B) displays the CV curves of the FSS-SSc device examined at scan 

rate from 5 to 200 mV s-1 in the potential window between 0.0 to 1.8 V. The CV curves 
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represent the quasi-rectangular like profile with the excellent current response at 

various scan rates. The device exhibits Cs value of 58 F g-1 at scan rate of 5 mV s-1 in 

PVA-Na2SO4 gel electrolyte. Fig. 6.12(C) illustrates the plot of Cs versus scan rate. 

The obtained Cs are 18 to 58 F g-1 for the scan rates between 200 to 5 mV s-1. As seen 

from the CV, an electro active material involvement is more at a lower scan rate 

because of the existence of a wider time scale, hich offers the whole utilization of 

active sites of the electrode material [28]. 

6.3C.3.2 Galvanostatic charge discharge (GCD): 

The GCD curves of FSS-SSc device with varied charging current densities of 1 

to 5 A g-1 are shown in Fig. 6.12(D). The shape of GCD curves is quasi-triangular, 

therefore the GCD curves show surface redox pseudocapacitor behaviour [19]. The 

GCD measurement yields Cs of 42 F g-1 at a current density of 1.0 A g-1. The plot of Cs 

versus current density is shown in Fig. 6.12(E). The Cs of 42 to 16 F g-1 are obtained at 

current densities of 1 to 5 A g-1, respectively. Decrease in the Cs with an increase in the 

charging current density observed in Fig. 6.12(E) may be due to limitations in the 

charge-transport process at higher current density.  

6.3C.3.3 Ragone plot: 

Fig. 6.13(A) illustrates Ragone plot of the FSS-SSc device, which exposes the 

E.D. of 28 Wh kg-1 with P.D. of 0.62 kW kg-1 at the current density of 1.0 A g-1. 

6.3C.3.4 Flexibility: 

The mechanical flexibility is crucial for the practical application of the FSS-SSc 

device [29]. To study of mechanical flexibility of FSS-SSc device, CV curves recorded 

at various bending angles (0-165°) at the scan rate of 100 mV s−1 are illustrated in Fig. 

6.13(B). The shape of CV curves remains approximately identical even at a bending 

angle of 165°. This indicates the superior adhesion of active electrode material with the 

support of SS substrate and a good interface between the active material and PVA-

Na2SO4 gel electrolyte. The plot of capacity retention with various bending angle is 

shown in Fig. 6.13(C) and its insets demonstrate device photographs at different 

bending angles. The FSS-SSc device shows excellent mechanical flexibility with 95 % 

capacitive retention at a bending angle of 165°. Capacitive retention values at different 

bending angles of FSS-SSc device are demonstrated in table 6.5. 
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Fig. 6.13: (A) Ragone plot of FSS-SSc device, (B) the CV curves of FSS-SSc device at 

various bending angles, (C) plot of capacitive retention versus bending angle [Insets 

show photograph of device at different bending angles], (D) cyclic stability curves of 

FSS-SSc device at 100 mV s-1 over 10000 cycles, (E) plot of capacitance retention 

versus cycle number and (F) Nyquist plots of FSS-SSc device before and after stability 

(Inset shows best fitted equivalent circuit). 

Table 6.5: Capacitive retention values at different bending angles for FSS-SSc device. 

Bending angle Capacitive retention of FSS-SSc device (%) 

 0° 100 

 45° 98.5 

 90° 97 

 135° 96.5 

 165° 95 
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6.3C.3.5 Stability: 

An electrochemical cycling stability of the FSS-SSc device was carried out 

through CV curves. Fig. 6.13(D) shows the CV curves of FSS-SSc device at a scan rate 

of 100 mV s-1 over 10000 CV cycles. With increase in the cycle number, area under the 

curve slightly decreases. The plot of Cs as a function of cycle number is shown in Fig. 

6.13(E). The FSS-SSc device exhibits good capacitive retention of 87 % with 

sustaining shape of CV profile after 10000 CV cycles.  

6.3C.3.6 Electrochemical impedance spectroscopy (EIS): 

To investigate resistive parameters of FSS-SSc device, EIS was examined. The 

Nyquist plots of FSS-SSc device for before and after stability are shown in Fig. 6.13(F) 

and the inset shows the equivalent circuit with the best-fitted impedance data. The Rs, 

Rct and W values (before stability) calculated from the Nyquist plots are 0.50, 4.75 and 

5.58 Ω cm-2, respectively. After stability Rs, Rct and W values of the FSS-SSc device 

are 0.74, 6.8 and 8.46 Ω cm-2, respectively. As there is a tiny change in the Rs value 

after cycling, it indicates that cycling has no effect on intrinsic resistance of film and 

contact between film and current collector. The semicircles present before and after 

cycling are due to the parallel combination of Rct and capacitor (C). The increase in Rct 

value after cycling is due to the electrochemical loss of electrode material. The raise W 

value after cycling is owing to the diffusion electrolyte ions [30, 31].  Electrochemical 

impedance parameters of FSS-SSc device (before and after stability) are illustrated in 

table 6.6.  

Table 6.6: Impedance parameters of FSS-SSc device. 

 Parameter FSS-SSc device 

Before stability After stability 

 Rs (Ω cm-2 ) 0.50 0.74 

 Q (mF) 93 57 

 Rct (Ω cm-2 ) 4.75 6.8 

 W (Ω cm-2 ) 5.58 8.46 

 

The practical demonstration of two series-connected FSS-SSC devices is 

displayed in Fig. 6.14(A-B). Initially, these devices were charged with a potential of 

+3.6 V for 30 s and discharged through a panel of 211 red LEDs for 30 s Fig. 6.14(A-

B). The output power of the device was 640 mW cm-2 which signifies good charge 
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storing capability. The similar discharge period compared to the charging period of 

FSS-SSc device makes suitable candidate for use in practical energy storage devices. 

 

Fig. 6.14: (A, B) Practical demonstration of FSS-SSc device glowing (211) red LEDs 

panel images at 1 (A) and (B) 30 s.  

 

The I-V characteristic of 211 red LEDs panel is shown in Fig. 6.15(A). At 1.7 V 

with current 6.0 mA, LEDs panel starts to glow. Fig. 6.15(B) shows the plots of 

current, voltage and power with discharging time of device using 211 LEDs panel. It is 

seen that the discharge current decreases from 180 to 85 mA and voltage decreases 

from 3.6 to 1.7 V and the power decreases from 640 to 150 mW. 

 

Fig. 6.15: (A) The I-V characteristic of 211 red LEDs panel and (B) the current, 

voltage and power versus time plots of FSS-SSc device during discharging. 
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6.4 Section- D 

6.4D: Fabrication and performance evaluation of (GO/Yb2S3//MnO2) flexible solid 

state asymmetric supercapacitor device (SILAR method) 

6.4D.1 Introduction: 

The MnO2 thin film material was selected as a positive electrode for the 

fabrication of FSS-ASSc device. The advantages and some features of MnO2 thin film 

material are explained in 5A.1. Also, the preparation of MnO2 thin film, the structural 

morphological characterisation of MnO2 thin film and its supercapacitor properties are 

briefly described in chapter V. 

Section-D deals with the synthesis of GO/Yb2S3 and MnO2 electrodes, 

fabrication and supercapacitive FSS-ASSc device (SILAR method) performance. 

6.4D.2 Experimental details: 

6.4D.2.1 Electrode preparation: 

The SILAR method was used for synthesis of GO/Yb2S3 comoposite and MnO2 

electrodes. The GO/Yb2S3 composite electrode preparation process is detailed in 4.2.3.4 

and 4.3.1.3. Also, the synthesis process and preparative parameters of MnO2 electrode 

are detailed in 5A.2.3 and 5A.3.1.  

6.4D.2.2 Polymer gel electrolyte (PVA-Na2SO4) preparation: 

The preparation of PVA-Na2SO4 polymer gel electrolyte process is described 

detail in 6.2B.2.2. 

6.4D.2.3 Fabrication of (GO/Yb2S3//MnO2) flexible solid state asymmetric 

supercapacitor (FSS-ASSc) device: 

To check the feasibility of the electrode for practical applications, we further 

fabricated a FSS-ASSc device and evaluated its performance. FSS-ASSc 

(GO/Yb2S3//MnO2) device was fabricated using GO/Yb2S3 composite material as a 

negative electrode, MnO2 as a positive electrode and PVA-Na2SO4 as a polymer gel 

electrolyte.  

The gel electrolyte was coated on (5 x 5 cm-2) area of GO/Yb2S3 composite and 

MnO2 electrodes. Then assembled device was kept 1 h to press under applied pressure 

0.5 ton using a hydraulic press. Fig. 6.16 displays the schematic formation of FSS-

ASSc (GO/Yb2S3//MnO2) device. For charge balance, the mass ratio of an anode and 
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cathode material electrodes was determined from the 2.12 relation [32].  The calculated 

mass ratio of GO/Yb2S3 composite and MnO2 was 2.0:1.80.  

 

Fig. 6.16: The schematic representation of FSS-ASSc device formation using 

GO/Yb2S3//MnO2. 

 

6.4D.3 Supercapcitive performance evaluation of FSS-ASC device: 

The electrochemical performance of FSS-ASSc (GO/Yb2S3//MnO2) device was 

carried out by CV, GCD, stability and EIS studies. 

6.4D.3.1 cyclic voltammetry (CV): 

 

Fig. 6.17: The CV curves of GO/Yb2S3 composite and MnO2 electrodes at scan rate of 

100 mV s1. 



Fabrication and performance evaluation of flexible solid state symmetric and 

asymmetric supercapacitor devices based on ytterbium sulfide, graphene 

oxide/ytterbium sulfide composite and manganese oxide electrodes 
 

Chapter-VI Page 127 
 

The CV test was performed to evaluate the electrochemical behaviour of FSS-

ASSc (GO/Yb2S3//MnO2) device. The wide operating potential window and 

corresponding E.D. are the main advantages of fabricating FSS-ASSc devices. The CV 

curves of GO/Yb2S3 composite and MnO2 electrodes at 100 mV s-1 scan rate within 

negative and positive potential windows are shown in Fig. 6.17. The working potential 

windows of MnO2 and GO/Yb2S3 electrode are from 0 to +1.0 V/Hg/HgO and ‒1.0 to 0 

V/Hg/HgO, respectively. Therefore, the GO/Yb2S3//MnO2 asymmetric device can attain 

the maximum working potential window up to +2.0 V. 

Fig. 6.18(A) illustrates CV curves of FSS-ASSc device using varied potential 

windows at scan rate of 100 mV s−1. The quasi-rectangular CV curve shape observed 

irrespective potential windows displaying the capacitive behaviour of FSS-ASSc 

device. The close examination of the CV curve at the wider potential window does not 

display any signature of the decomposition of electrolyte, indicating that FSS-ASSc 

device can bear a wide working voltage up to 2.0 V. Thus, the CV shape profile of FSS-

ASSc device was further examined as a function of scan rate in potential window of 0 

to 2.0 V. Fig. 6.18(B) shows CV curves FSS-ASSc (GO/Yb2S3//MnO2) device at 

different scan rates from 5-200 mV s-1. The shape of CV curves is quasi-rectangular. 

The plot of variation in Cs versus scan rate is depicted in Fig. 6.18(C). FSS-ASSc 

device exhibits Cs of 92 F g-1 at a scan rate of 5 mV s-1.  The Cs value decreases with 

increase in the scan rate from 5 to 200 mV s-1, as seen in Fig. 6.18(C). At a higher scan 

rate (200 mV s-1), the fact that movement of the electrolyte ions has limited time at the 

surface of the electrode [33, 34].  

6.4D.3.2 Galvanostatic charge discharge (GCD): 

The GCD curves were recorded at varied current densities of 1-5 A g-1 in 

potential window of 0 to 2 V as shown in Fig. 6.18(D). The GCD curves show the 

quasi-triangular shape, therefore GCD curves exhibit surface redox pseudocapacitor 

behaviour [19]. In this case, a maximum Cs value of 71 F g−1 was obtained at a current 

density of 1.0 A g−1.  The plot Cs versus current density is shown in Fig. 6.18(E). As 

seen from Fig. 6.18(E) discharge time decreases with raising current density which 

may be due to the inefficient interaction between the electrolyte and thin film electrode 

at high current density.  
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Fig. 6.18: (A) Potential window selection in the voltage ranging from 1.2 to 2.0 V at 

scan rate of 100 mV s-1, (B) the CV curves of asymmetric device at different scan rate 

of 5-200 mV s-1, (C) plot of specific capacitance versus scan rate, (D) GCD curves at 

current densities from 1-5 A g-1 and (E) plot of specific capacitance versus current 

density. 

 

6.4D.3.3 Ragone plot: 

Fig. 6.19(A) shows the Ragone plot of FSS-ASSc device.  FSS-ASSc device 

delivers the high E.D. of 43 Wh kg-1 and P.D. of 0.84 kW kg-1.  

6.4D.3.4 Flexibility: 

The CV curves of FSS-ASSc device at various bending angles (0°, 45°, 90°, 

135° and 165°) at fixed scan rate of 100 mV s−1 are shown in Fig. 6.19(B). The 

overlapping of CV curves over each other reflects consistent supercapacitive 

performance with bending of FSS-ASSc device. It recommends that, FSS-ASSc device 
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is useful as a flexible supercapacitor for the purpose of portable electrical energy 

storage devices [35]. Moreover, capacitive retention at various bending angles is 

illustrated in Fig. 6.19(C) and its insets show photograph of device at different bending 

angles. The FSS-ASSc device retained 97 % of its initial capacitance at a bending angle 

of 165°. Table 6.7 illustrates the capacitive retention at different bending angles of 

FSS-ASSc device. 

 

Fig. 6.19: (A) Ragone plot of FSS-ASSc device, (B) the CV curves of FSS-ASSc 

device at various bending angles, (C) plot of capacity retention versus bending angle 

[Insets show photograph of device at different bending angles], (D) cyclic stability 

curves of asymmetric device at 100 mV s-1 over 10000 CV cycles, (E) plot of 

capacitance retention versus cycle number and (F) Nyquist plots of before and after 

stability and (inset shows best fitted equivalent circuit). 

 

Table 6.7: Capacitive retention values at different bending angles for FSS-ASSc 

device. 
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 Bending angle Capacitive retention of FSS-ASSc device (%) 

 0° 100 

 45° 99 

 90° 98.5 

 135° 98 

 165° 97 

 

6.4D.3.5 Cyclic stability: 

The cyclic stability of FSS-ASSc device is a significant factor in 

electrochemical processes. Accordingly, the cyclic performance of the FSS-ASSc 

device recorded up to 10000 cycles with at a scan rate of 100 mV s-1 are shown in Fig. 

6.19(D). Fig. 6.19(E) shows the capacitive retention of FSS-ASSc device. The FSS-

ASSc device shows 85 % cyclic retention after the 10000 CV cycles. The reduction in 

Cs value after cycling may be due to the degradation or detachment of active material 

during CV cycling and loss of electric contact between constituent composite materials. 

6.4D.3.6 EIS:  

The EIS measurement was recorded in the frequency range of 0.1 Hz to 1 MHz 

through amplitude of 10 mV and 0 V bias voltage. Nyquist plots before and after 

stability of FSS-ASSc device are presented in Fig. 6.19(F) and the inset shows the 

equivalent circuit with the best-fitted impedance data. The Rs values of the FSS-ASSc 

device before and after stability are 0.6 and 0.83 Ω. Rct values of FSS-ASSc device 

before and after stability are 5.50 and 7.45 Ω cm-2 obtained from Nyquist plots. The W 

values of FSS-ASSc device before and after stability are 6.10 and 9.03 Ω cm-2, 

respectively. After stability, parameters value are slightly increased due to the loss of 

material and/or increased contact resistance of current collector with electrode as a 

result of electrochemical cycling [36]. Electrochemical impedance parameters of FSS-

ASSc device before and after stability are illustrated in table 6.8. 

Table 6.8: Impedance parameters for FSS-ASSc device before and after stability. 

 Parameter FSS-ASSc device 

Before stability After stability 

 Rs (Ω cm-2 ) 0.60 0.83 

 Q (mF) 85 63 

 Rct (Ω cm-2 ) 5.50 7.45 

 W (Ω cm-2 ) 6.10 9.03 
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The good electrochemical performance of FSS-ASSc device demonstrates that 

nanoparticles and nanocomposite effectively increase the electronic and ionic 

transportation and decrease the charge-transfer resistance. Also, the strong interfacial 

bonding between constituent phases in the composite electrode enhances the charge 

storage ability by shortening the diffusion path length. 

 

Fig. 6.20: (A, B) Practical demonstration of FSS-ASSc device glowing red (211) LEDs 

panel images at 1 (A) and (B) 90 s.  

         The practical demonstration of two series-connected FSS-ASSc devices is 

displayed in Fig. 6.20(A, B). Initially, these devices are charged with a potential of 

+4.0 V for 30 s and discharged through a panel of 211 red LEDs for 90 s. The output 

power of device is 810 mW cm-2 which signifies good charge storing capability. The 

larger discharge period compared to charging period of FSS-ASSc device confirms its 

suitability for use in practical energy storage devices.  

 

Fig. 6.21: (A) The I-V characteristic of 211 red LEDs panel and (B) the current, 

voltage and power versus time graphs of FSS-ASSc device during discharging. 
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        Fig. 6.21(A) shows the I-V characteristic of 211 red LEDs panel. Fig. 6.21(B) 

demonstrates the plots of current, voltage and power with discharging time of device 

using 211 LEDs panel, which indicate that the discharge current reduces from 203 to 38 

mA and voltage decreases from 4.0 to 1.7 V and also the power decreases from 840 to 

74 mW. 

6.5: Conclusions: 

The Yb2S3, GO/Yb2S3 and MnO2 thin film electrodes were synthesized by 

simple and low temperature chemical methods (CBD and SILAR) over flexible SS 

substrates. Flexible symmetric Yb2S3, GO/Yb2S3 and asymmetric GO/Yb2S3/MnO2 

solid state supercapacitor devices were fabricated using the flexible Yb2S3, GO/Yb2S3 

and MnO2 thin films electrode. For the fabrication of supercapacitor devices, the PVA-

KOH and PVA-Na2SO4 gel electrolytes were used. Supercapacitive performance of 

symmetric and asymmetric devices was investigated using CV and GCD and EIS 

techniques. In symmetric supercapacitor devices, the GO/Yb2S3 composite electrodes 

(SILAR) device showed better supercapacitive performance than the bare Yb2S3 

electrodes (CBD and SILAR) symmetric supercapacitor devices. The GO/Yb2S3 

composite electrodes device exhibited specific capacitance of 58 F g-1. In overall 

symmetric and asymmetric devices, the asymmetric GO/Yb2S3/MnO2 showed better 

supercapcitve properties than the other devices. The asymmetric GO/Yb2S3/MnO2 

device (SILAR) achieved highest specific capacitance of 92 F g-1. Table 6.9 shows 

supercapacitive performance of symmetric and asymmetric devices. 

Table 6.9: Supercapacitive performance of symmetric and asymmetric devices. 

Sr. 

no. 

Device 

configuration 

Method Specific 

cap. 

(Cs) 

(F g-1) 

Energy 

density 

(Wh kg-1) 

Power 

density 

(kW kg-1) 

Stability  

(%) 

1 Yb2S3/Yb2S3 CBD 15 6.40 0.30 78 (3000 

cycle) 

2 Yb2S3/Yb2S3 SILAR 21 7.68 0.38 80 (3000 

cycle) 

3 GO/Yb2S3//GO/ 

Yb2S3 

SILAR 58 28 0.62 87 (10000 

cycle) 

4 GO/Yb2S3//MnO2 SILAR 92 43 0.84 85 (10000 

cycle) 
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      Table 6.9 clearly shows that symmetric device GO/Yb2S3 composite electrode 

based device showed better capacitance (58 F g-1) with E.D. (28 Wh kg-1) and P.D. 

(0.62 kW kg-1) as compared to bare CBD and SILAR prepared Yb2S3 electrode based 

devices due to GO composite with Yb2S3 material. In the symmetric and asymmetric 

devices based on Yb2S3, GO/Yb2S3 and MnO2 electrodes, the asymmetric device 

(GO/Yb2S3//MnO2) showed excellent supercapacitive performance with Cs (92 F g-1), 

E.D. (43 Wh kg-1) and P.D. (0.84 kW kg-1).  
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Chapter-VII 

Summary and Conclusions 

The electric charge storage system includes capacitor, supercapacitors and 

battery. Unlike batteries, supercapacitor charges and discharges very fast without 

degrading the material. Supercapacitors are designed to bridge the gap in between 

battery and conventional capacitor. The recent trends have been attracted to fabricate 

the solid-state supercapacitor devices in small scale for large area application. 

Supercapacitors are fabricated in such a way to store and release energy within a 

second. In terms of potential candidate supercapacitors have to design in wide range of 

potential. The supercapacitor performance basically depending upon the nature of 

electrode surface, operating voltage and electrolyte stability. The supercapacitors are 

classified into three types depends upon the category of charge storage mechanism. The 

carbon based thin film electrode material shows pure electric double layer capacitors 

(EDLCs) type behavior, where non-faradic reaction occurs. For pseudocapacitor, the 

metal chalcogenides, metal oxides and polymers are applied, in which redox reaction 

occurs. The metal chalcogenides include rare earth chalcogenide materials having better 

reduction potential helpful in supercapacitive application to increase the potential 

window range with energy and power densities. The combinations of both materials are 

used in hybrid supercapacitor. 

 In this work, preparation of ytterbium sulfide (Yb2S3), graphene oxide (GO) 

and graphene oxide composite with ytterbium sulfide (GO/Yb2S3) thin films via simple, 

binder free,  and cost effective, SILAR and CBD methods have been carried out. The 

films are characterized for surface textural, structural, and wettability studies. The 

electrochemical supercapacitive activities of GO, Yb2S3 and GO/Yb2S3 composite thin 

film electrodes are studied using the CV, GCD and EIS tests. After checking 

electrochemical supercapacitive behavior of GO, Yb2S3 and GO/Yb2S3 composite thin 

film electrodes, fabrication and the electrochemical supercapacitive properties of 

flexible symmetric and asymmetric supercapacitor devices are evaluated. The work has 

been distributed into seven chapters. 

The Chapter-I begins with the introduction of supercapacitor devices, 

including necessity of supercapacitor, principle of supercapacitor and types of 

supercapacitor. A detailed account of literature survey on metal chalcogenides thin film 

and their supercapacitor application are described in chapter-I. Also, the literature 
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survey on GO based supercapacitors and their properties are included. At the end of this 

chapter, orientation and purpose of dissertation is discussed. Thin film introduction, 

brief taxonomy of film deposition methods, theoretical background of SILAR and CBD 

methods and their preparative parameters are discussed in the beginning part of 

Chapter-II. Also, the structural and surface textural studies of thin films are carried out 

using different characterization tequenices. The structural characterizations of deposited 

thin films are studied using X-ray diffraction (XRD) and Fourier transform Raman 

spectroscopy (FT-Raman) techniques. The surface morphological study using field 

emission scanning electron microscopy (FE-SEM) is explained. The surface wettability 

investigation is carried out using contact angle measurement. The end part of Chapter-

II is focused on supercapacitor. It includes supercapacitor device types, symmetric, 

asymmetric and hybrid capacitors. The supercapacitive parameters like cyclic 

voltammetry, galvanostatic charge/discharge and impedance analysis are explained in 

detail.  

The Chapter-III ellaborates the synthesis and characterization of Yb2S3 thin 

films via CBD and SILAR methods and their electrochemical performance in aqueous 

electrolytes. The chapter-III is divided into two sections. Section ‘A’ deals with the 

preparation of Yb2S3 thin films via CBD method and their characterizations. In CBD 

method, Yb3+ ions were obtained by dissolving YbCl3 precursor in DDW. The source 

of anion, S2- ions was taken from Na2S2O3 and deposition was obtained at temperature 

of 353 K. After 180 min, Yb2S3 thin film was formed over stainless steel (SS) substrate. 

The formation of Yb2S3 thin film was identified from XRD and FT-Raman 

investigations. The scanning electron microscopy (SEM) study showed the nano-

grained surface morphology. The surface wettability study examined using drop of 

water over Yb2S3 film showed hydrophilic nature.  

The electrochemical behavior of Yb2S3 film electrode was tested in aqueous                

(1 M KOH) electrolyte. The three-electrode system configuration with platinum plate 

as a counter, Yb2S3 film as working and mercury/mercury oxide (Hg/HgO) as a 

reference electrode were used. The supercapacitive properties of Yb2S3 film electrode 

were studied using the CV, GCD and EIS tests. From the CV investigation, the 

electrochemical performance was investigated in terms of specific capacitance by 

varying scan rate. The GCD showed that Yb2S3 film electrode has good discharge 

ability. Further, the electrochemical cyclic stability was tested up to 3000 CV cycle at 

constant scan rate. The 81 % electrochemical stability of Yb2S3 film electrode retained 
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for 3000 cycles at fixed scan rate of 100 mV s-1. The impedance study of Yb2S3 film 

was carried out in the range of frequency between 0.1 Hz to 1 KHz. The impedance 

data were further analyzed by plotting the Nyquiest plot with best fitted equivalent 

circuit diagram. Yb2S3 film electrode showed specific capacitance (Cs) of 184.6 F g-1 at 

scan rate of 5 mV s-1.  

The Chapter-III, section ‘B’ contains preparation and characterization of 

Yb2S3 films via SILAR method. The experimental details for the synthesis of Yb2S3 

film through SILAR method are described. The process for formation of Yb2S3 film 

was carried out using four steps system. In the 1st step beaker contains cation source as 

Yb3+ ions adsorbed on surface substrate. The loosely adsorbed cations are rinsed in the 

2nd beaker which contains double distilled water (DDW). The 3rd beaker is used anion 

(S2-) source as Na2S solution. The preadsorbed Yb3+ ions reacted with S2- ions and 

loosely bonded S2- ions rinsed in 4th beaker which contained DDW. This is one SILAR 

cycle. Such 120 cycles formed well adherent Yb2S3 films on surface substrate. The 

formation of Yb2S3 films was confirmed from XRD and X-ray photoelectron 

spectroscopy (XPS) analyses. The FE-SEM study revealed the nanoparticles surface 

texture of Yb2S3 thin film. The surface wettability study showed that Yb2S3 thin film is 

hydrophilic nature using water droplet. The Yb2S3 thin films were utilized as 

supercapacitor electrode. The results showed that Cs of 181 F g-1 is obtained at scan 

rate of 5 mV s-1. The Yb2S3 electrode reflected the cyclic stability of 83 % in aqueous 

electrolyte after 3000 CV cycle. The impedance results indicated that good capacitive 

behavior of Yb2S3 electrode in the lower frequency region. The CBD prepared thin 

films showed better results as compared to SILAR synthesized thin film, due to tiny 

hydrated radius of K+ ions favors faster ionic mobility and interaction with electrode 

material, thereby resulting in enhanced supercapacitor properties. 

The Chapter-IV deals with the preparation, characterization and 

supercapacitive performance of GO, SILAR Yb2S3 and GO/Yb2S3 composite thin films. 

Beginning part of this chapter describes the preparation and characterization of GO, 

Yb2S3 and GO/Yb2S3 composite thin films via SILAR method. The GO, Yb2S3 and 

GO/Yb2S3 composite thin films were prepared by L-b-L and SILAR methods in 

aqueous medium using GO, 0.1 M YbCl3 as cation and 0.15 M Na2S as anionic sources. 

The XRD and XPS tests were evident for the structural identification of GO, Yb2S3 and 

GO/Yb2S3 composite thin films materials. The FE-SEM images of these thin films 

showed the formation of homogeneous layered structure, nanoparticles and porous 
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nanoparticles like morphologies. The formation of homogeneous layered nanoparticles 

and porous nanoparticles surface exhibited a contact angle of 49°, 57° and 31° 

respectively for GO, Yb2S3 and GO/ Yb2S3 indicating the hydrophilic nature.  

At the end of this chapter, from CV investigation, maximum Cs of 181, 193 and 

376 F g-1 , respectively were obtained at 5 mV s-1 scan rate in 1.0 M Na2SO4 

electrolyte. The long life cyclic stability of GO, Yb2S3 and GO/Yb2S3 composite thin 

film electrodes was evaluated and these films exhibited stability of 89, 81 and 93 %, 

respectively. Impedance analysis showed that in aqueous electrolyte GO/Yb2S3 

composite thin film electrode exhibited good capacitive behavior.  

The Chapter-V deals with chemical preparation, characterization of MnO2 thin 

film and its supercapacitive performance evaluation in aqueous Na2SO4 electrolyte. 

This chapter is divided in to two sections (A and B). The section ‘A’ consists of 

preparation of MnO2 thin film electrode via SILAR method and its structural, surface 

morphological and wettability characterization using various characterization tests. The 

synthesis of MnO2 thin films by SILAR method are detailed discussed in the section 

‘A’. The formation of MnO2 film over SS substrate, the MnSO4 and KMnO4 precursors 

were used as cation and anion solution sources, respectively. After 90 SILAR cycles 

uniform and well quality MnO2 film electrode obtained over the substrate. Further, 

these films were characterized by XRD, XPS and FT-IR studies to identify the 

formation of MnO2. The FE-SEM study revealed the formation of interconnected 

network of MnO2 with nanoparticles like surface. The wetability study showed that 

hydrophilic nature of MnO2 film surface with 49.7° contact angle using the water drop.  

The Chapter-V section ‘B’ supercapacitor performance evaluation of MnO2 

film is described. The MnO2 film material exhibited 421 F g-1 Cs in aqueous 1.0 M 

Na2SO4 electrolyte. In aqueous electrolyte the SILAR synthesized MnO2 film electrode 

showed excellent cyclic stability with the value of 94 %. The EIS analysis revealed that 

MnO2 film demonstrated better capacitive behavior. From these results, it is concluded 

that MnO2 film has wide potential application. 

 The Chapter-VI deals with the fabrication and performance evaluation of 

flexible symmetric and asymmetric devices Yb2S3, MnO2 and GO/Yb2S3 composite 

based thin film electrodes using solid-state polymer gel electrolytes. This chapter is 

divided in to four sections. In which section ‘A’ is focused on fabrication process and 

supercapacitor performance of flexible solid-state symmetric (Yb2S3/PVA-KOH/Yb2S3) 

supercapacitor (FSS-SSc) device (CBD method). At beginning of section ‘A’, 
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preparation of electrode and device fabrication process are described. The Yb2S3 film 

electrodes were synthesized via CBD method over flexible SS. The prepared PVA-

KOH electrolyte gel was sandwiched between two electrodes and sealed both 

electrodes. At the end of section ‘A’, the supercapacitive behavior of FSS-SSc device 

was carried out using CV, GCD and EIS tests. The value of Cs of FSS-SSc device was 

found to 15 F g-1 at scan rate of 5 mV s-1. The values of energy density (E.D.) and 

power density (P.D.) were 6.40 Wh kg-1 and 0.30 kW kg-1, respectively observed at 0.2 

A g-1 current density. The stability of 78 % was retained after 3000 CV cycles for FSS-

SSc device.  

The section ‘B’ is focused on fabrication and supercapacitor behavior of FSS-

SSc (Yb2S3/PVA-Na2SO4/Yb2S3) device (SILAR method). In the initial part of section 

B, synthesis of electrode and symmetric device fabrication process are described. The 

flexible Yb2S3 film electrodes were deposited via SILAR method. The Yb2S3 film was 

synthesized over flexible SS. The PVA-Na2SO4 gel electrolyte was sandwiched 

between two flexible electrodes. In the final part of section ‘B’, the supercapacitive 

performance of FSS-SSc device was studied using CV, GCD and EIS tests. The value 

of Cs of FSS-SSc device is found to 21 F g-1 at scan rate of 5 mV s-1. The values of 

E.D. and P.D. reached 7.38 Wh kg-1 and 0.38 kW kg-1, respectively at 0.5 A g-1 current 

density. The stability of 80 % was retained after the 3000 CV cycles for a symmetric 

Yb2S3/PVA-Na2SO4/Yb2S3 supercapacitor device.  

The section ‘C’ deals with the fabrication and supercapacitive performance of 

FSS-SSc (GO/Yb2S3//PVA-Na2SO4//GO/Yb2S3) device (SILAR method). The FSS-SSc 

device exhibited 58 F g-1 Cs at scan rate of 5 mV s-1. The device delivered E.D. of 28 

Wh kg-1 with P.D. of 0.62 kW kg-1 at the current density of 1.0 A g-1. 

The section ‘D’ deals with the fabrication and supercapacitive performance 

evaluated for flexible solid-state asymmetric (GO/Yb2S3//PVA-Na2SO4//MnO2) 

supercapacitor (FSS-ASc) device (SILAR method). The FSS-ASc device showed 92 F 

g-1 Cs at scan rate of 5 mV s-1. The device achieved E.D. of 43 Wh kg-1 and P.D. as 

0.84 kW kg-1 at the current density of 1.0 A g-1. Chapter-VII provides the summary of 

all the chapters. 

In conclusions, we have prepared ytterbium sulfide, graphene oxide, graphene 

oxide composite with ytterbium sulfide and manganese oxide thin films by binder free, 

simple and cost effective chemical methods and studied their characteristics. The 

supercapacitive performance was tested in aqueous electrolytes using the CV, GCD and 
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EIS tests. The results showed maximum values of Cs of 184.6, 181, 193 and 376 F g-1 

an obtained for Yb2S3 (CBD), Yb2S3 (SILAR), GO and GO/Yb2S3 film electrodes, 

respectively with 81, 83, 89 and 93 % cyclic stabilities over 3000 cycles. The porous 

nanoparticles composed surface texture of GO/Yb2S3 film electrode showed better 

supercapacitor performance. Table 7.1 shows the comparison of supercapacitive 

performance evaluation of Yb2S3, GO, and GO composite with Yb2S3 and MnO2 thin 

films in three electrode systems by CBD, L-b-L and SILAR methods.  Based on the 

good electrochemical properties of Yb2S3, GO/Yb2S3 and MnO2 film electrodes, 

flexible symmetric and asymmetric supercapacitor devices were fabricated and tested 

their supercapacitor properties using the cyclic voltammetry, galvanostatic 

charge/discharge and impedance analysis. Table 7.2 shows the supercapacitive 

performance evaluation of various symmetric and asymmetric devices. The flexible 

asymmetric GO/Yb2S3//PVA-Na2SO4//GO/Yb2S3 supercapacitor device exhibits 

maximum Cs of 92 F g-1 at a scan rate of 5 mV s-1. The cost effective GO/Yb2S3 and 

MnO2 electrodes based supercapacitors can be useful for various commercial 

applications in portable and foldable devices. 
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Table: 7.1: Supercapacitive performance evaluation for various thin film material electrodes. 

 

 

 

 

Table: 7.2: Supercapacitive performance evaluation for symmetric and asymmetric devices. 

 

 

 

 

 

 

 

Sr. No. Material Method Electrolyte 

(1 M) 

Potential window  

(V.Hg/HgO) 

Specific Cap. 

 (Cs) (F g-1) 

Cyclic 

stability (%) 

1 Yb2S3 CBD KOH -1.2 to - 0.2 184.6 81 (3000) 

2 Yb2S3 SILAR Na2SO4 -1 to 0 181 83 (3000) 

3 GO L-b-L Na2SO4 -1 to 0 193 89 (3000) 

4 GO/Yb2S3 SILAR Na2SO4 -1 to 0 376 93 (3000) 

5. MnO2 SILAR Na2SO4 0 to 1 421 94 (3000) 

Sr. 

No. 

Device configuration Gel 

electrolyte 

Potential 

window  

(V) 

Specific 

Cap. 

(Cs)  

(F g-1) 

Energy 

density 

(E.D.) 

(Wh kg-1) 

Power 

density 

(P.D.) 

(kW kg-1) 

Cyclic 

stability 

(%) 

1 Yb2S3/PVA-KOH/Yb2S3 PVA-KOH 0-1.6 15 6.40 0.30 78 (3000) 

2 Yb2S3/PVA-Na2SO4/Yb2S3 PVA-Na2SO4 0-1.6 21 7.68 0.38 80 (3000) 

3 GO/Yb2S3//PVA-Na2SO4//GO/Yb2S3 PVA-Na2SO4 0-1.8 58 28 0.62 85 (10000) 

4 GO/Yb2S3//PVA-Na2SO4//MnO2 PVA-Na2SO4 0-2.0 92 43 0.84 87 (10000) 
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Future work: 

The current motivational work is on the preparation and electrochemical properties 

of rare earth metal ytterbium sulfide with GO composite thin film electrodes. The 

future work is proposed as following. 

 Higher potential window can be tailored using the organic and redox active 

electrolytes. 

 Enhancement of the supercapacitor device stability by humidity and temperature 

studies. 

 Improvement of cyclic life and efficiency of device using multi walled carbon 

nanotubes (MWCNT) material. 

 Use of hydrophilic salts and other hydrophilic ionic liquids as electrolytes, to 

improve the performance of device in humid atmosphere. 

 Exploration of other gel polymer electrolytes and if necessary nanocomposite of 

gel polymer electrolytes with different nano-sized filler with high ionic 

conductivity and good mechanical properties. 
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8.1 Recommendations:  

The presented research work, ytterbium sulfide (Yb2S3) thin films were 

prepared by chemical baths deposition (CBD), successive ionic layer adsorption 

and reaction (SILAR) methods. The charge storage capacity of these thin films 

was improved by means of improvement in specific capacitance (Cs), cyclic 

stability. To achieve this, graphene oxide (GO) was composited with the Yb2S3 

using SILAR method. The objective of the preparation of composite thin film 

electrode was to improve specific capacitance and cyclic stability of the 

material than pristine materials. The solid state symmetric and asymmetric 

supercapacitor devices fabricated using GO/Yb2S3 composite and manganese 

oxide (MnO2) thin film electrodes.  

Finally, it is recommended that the use of SILAR is an effective chemical 

method for enhancing the supercapacitor performance of GO/Yb2S3 thin films. 

Furthermore, SILAR offer expedient method for resulting nanoparticles with a 

large surface area under curves and good electrical conductivity, which have 

been useful for monitoring the porous surface morphology of GO/Yb2S3  thin 

film. 

8.2 Conclusions: 

The conclusions from the present research work are listed as follows: 

1. The Yb2S3 thin films were successfully synthesized on SS substrate via simple 

and low-cost CBD and SILAR methods and used as working electrodes for 

supercapacitor applications. 

2. The GO/Yb2S3 composite thin films were prepared by the SILAR method on 

SS substrate. 

3. The SILAR synthesized GO/Yb2S3 composite thin films showed maximum Cs 

of 376 F g-1 at scan rate of 5 mV s-1. 

4.  Because of layer-by-layer deposition of material, porous, nanoparticles like 

morphology and high surface area under curves. 

5. Symmetric supercapacitor device has successfully fabricated using GO/Yb2S3 

composite electrodes in PVA-Na2SO4 gel electrolyte.  
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6. The MnO2 thin film electrodes were prepared on SS substrates by SILAR 

method and used as cathode electrode for fabrication of asymmetric device.  

7. The MnO2 electrode showed Cs of 421 F g−1 with 94 % cyclic retention after 

3000 CV cycles. 

8.  The asymmetric device was fabricated using SILAR deposited GO/Yb2S3 

composite and MnO2 electrodes and it delivered high supercapacitive 

performance.  

9. In addition, the actual demonstration of the asymmetric solid-state device, 211 

red LEDs are lightened up to 1.5 min.  

8.3 Summary:  

The present works deal with the synthesis of Yb2S3, GO and GO/Yb2S3 

composite thin films by simple cost effective and binder-free chemical approach. 

The numbers of preparative parameters were optimized to get porous 

nanoparticles surface morphology, which successfully increase the 

electrochemical features of GO/Yb2S3 composite thin film. The composite thin 

films showed better supercapacitive performance than Yb2S3 and GO 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 general framework of the energy requirements for the generation to 

come and different energy storage devices has been explained. The principle of 

supercapacitors, taxonomy of supercapacitor and new trends in research in 

supercapacitors, the need for supercapacitors, and their work based on the 

classification have been explained. Also, the literature survey on rare earth  metal 

(REM) chalcogenide thin films and their physical properties, literature survey on 

REM chalcogenide thin films for supercapacitor performance and literature 

survey on GO based composite thin films for supercapacitor performance. The 

REM chalcogenides thin films synthesized by different methods with different 

morphologies in terms of supercapacitive parameters like Cs, energ y  

density ( E. D.), power density (P. D.), and capacity retention is included.  

The general introduction to the deposition methods and           their classification 
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were explained. The detailed information about the thin film deposition methods 

employed in the present study, i.e., the CBD method and the SILAR method, has 

been given in detail with their advantages and disadvantages. The 

characterization techniques used for structural, surface morphological, and 

elemental analysis such as XRD, XPS, FT-IR, FE-SEM, and TEM have been 

discribed in detail with their theoretical background. The electrochemical 

techniques to evaluate the electrochemical features of                                              Yb2S3, GO and GO/Yb2S3 

composite thin film electrodes like CV, GCD, and EIS have been discussed in 

detail. 

The Yb2S3 thin film has been prepared by simple CBD and SILAR 

routes, and their electrochemical performance has been investigated in 1M KOH 

and 1M Na2SO4 electrolytes. Yb2S3 thin films were characterized by XRD, XPS, 

SEM and surface wettability study. The XRD analysis confirmed that CBD and 

SILAR method synthesized Yb2S3 thin films exhibited a monoclinic structure. 

The XPS spectra confirm the chemical purity of the material. FE-SEM images 

showed the nano-grains and nanoparticles natures of Yb2S3 thin films. The Yb2S3 

thin film electrode showed 184 and 181 F g-1 Cs at a scan rate of 5 mV s- 1 for 

CBD and SILAR prepared thin films, respectively. The Yb2S3 thin film 

electrodes exhibited 81 % (CBD method) and 83 % (SILAR method) cyclic 

stability after 3000 cycles.   

The Yb2S3, GO and GO/Yb2S3 composite thin films have been prepared 

by a simple SILAR route. Yb2S3, GO and GO/Yb2S3 thin films were 

characterized by XRD, XPS, FE-SEM, and TEM. The XRD analysis 

confirmed that SILAR synthesized GO/Yb2S3 composite thin film exhibited a 

monoclinic structure. The XPS spectra confirm the chemical composition and 

chemical purity of the material. FE-SEM images showed the porous 

nanoparticles nature of the GO/Yb2S3 composite thin film. The electrochemical 

performance of the GO/Yb2S3 composite thin film electrode is tested via a three 

electrode arrangement in 1M Na2SO4 electrolyte. GO/Yb2S3 composite thin film 

electrode showed maximum Cs of 376 F g-1 at scan arte 5 mV s-1. The GO/Yb2S3 

composite thin film electrode exhibits 93 % cyclic stability for 3000 cycles.  
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The MnO2 thin films were synthesized by SILAR method and their 

electrochemical performance has been investigated. The MnO2 thin films were 

characterized by XRD, XPS, FT-IR and FE-SEM. The XRD analysis confirms 

that SILAR synthesized thin film showed tetragonal structure. The XPS spectrum 

confirms the chemical purity of the material. FE-SEM images showed 

nanoparticles surface morphology. FT-IR analysis confirmed that presence of Mn 

and O elements. The electrochemical performance of MnO2 thin film electrode is 

tested via a three electrode cell arrangement in 1M Na2SO4 electrolyte. The 

maximum Cs 421 F g-1 showed of MnO2 thin film at scan rate of 5 mV s-1 with 

94 % cyclic stability  retention for 3000 CV cycles.  

The fabrication and supercapacitive performance evaluation of flexible 

solid state symmetric supercapacitor (Yb2S3//Yb2S3 and GO/Yb2S3//GO/Yb2S3) 

devices (FSS-SSCs) and flexible solid state asymmetric supercapacitor 

(GO//Yb2S3//MnO2) (FSS-ASCs) device have been studied. The performance of 

the devices was tested using different techniques such as CV, GCD, EIS and 

stability. The fabrication of FSS-SSCs (CBD method) device and investigated its 

supercapacitive performance. The fabrication of FSS-SSCs (SILAR method) 

device and studied its electrochemical performance. The FSS-SSCs (SILAR 

method) device (Yb2S3/PVA-Na2SO4/Yb2S3) exhibited 21 F g−1 Cs at a scan rate 

of 5 mV s-1 with E. D. of 7.68 Wh kg−1 at a P. D. of 0.38 kW kg−1. The 

fabrication of FSS-SSCs device (GO/Yb2S3//PVA-Na2SO4//GO/Yb2S3) and it 

showed 58 F g-1 Cs with better capacity retention of 89 % after 10000th cycles. 

The device exhibited E. D. of 28 Wh kg−1 at a P. D. of 0.62 kW kg−1 and studied 

supercapacitive performance.  The FSS-ASCs device fabricated using GO/Yb2S3 

and MnO2 electrodes in the configuration of GO/Yb2S3//PVA-

Na2SO4//GO/Yb2S3. The FSS-ASCs device showed 92 F g-1 Cs at scan rate of 5 

mV s-1. The FSS-ASCs device delivered E. D. of 43 Wh kg−1 at a P. D. of 0.84 

kW kg−1 with cyclic stability retention of 87 % for 10000th cycles. Obtained 

results suggest that the proposed theme of the (GO/Yb2S3//PVA-

Na2SO4//GO/Yb2S3) asymmetric supercapacitor device holds great promise for 

applications in energy storage devices. 
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Finally, two FSS‒ASCs devices connected in series were able to glow 

a panel of 211 red LEDs efficiently. The initial power dissipated through FSS-

ASCs device was 840 mW cm-2.  Finally, the observed results conclude that 

the MnO2 and GO/Yb2S3 electrodes 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 

The current motivational work is on the preparation and electrochemical 

properties of Yb2S3 with GO composite thin film electrodes. The introduction of 

GO enhances electrical conductivity, surface area under the curve and 

electrochemical supercapacitive performance of pristine material. The future 

work is proposed as following. 

1) Preparation GO/Yb2S3-MWCNTs nanocomposites electrode using simple and 

binder free SILAR method. 

2) Fabrication and supercapacitive performance evaluation of symmetric and 

asymmetric devices based on GO/Yb2S3-MWCNTs nanocomposites electrode 

material in redox active gel electrolyte. 

3) Understanding the process of energy storage in REM sulfide based 

compounds and physical characterization using XRD, SEM, TEM, and XPS 

techniques. 

4) Further, in situ characterization of symmetric and asymmetric devices 

through TEM and NMR analyses could give a better understanding of actual 

processes involved in charge storage. 
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