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1.1 General Introduction of Supercapacitor:  

1.1.1 The Need for Supercapacitors:   

 The world currently faces serious global challenges, such as energy shortages, 

environmental pollution, rapid population growth, declining natural resources, and the 

depletion of fossil fuels [1]. Global technological development is driven by the 

increasing demand due to the lifestyle of the people being changed, and they are 

moving towards highly developed technology-based products utilized in their daily 

lives. According to these the development of sustainable energy sources are instantly 

needed. There are mainly two types of energy sources: Renewable and non-renewable 

energy sources. Renewable energy sources are in high demand due to their ability to 

generate and store energy, as well as their cost effectiveness compared to non-

renewable energy sources, which are in limited supply. Although, renewable energy 

sources such as the sun, wind, etc. are the continuous creation of energy but it’s not 

stable, efficient storage is not possible and these intermittent energies face challenges 

such as being influenced by weather and uneven distribution [2, 3]. But this problem 

is overcome by the use of various electrochemical energy storage (EES) technologies 

such as batteries, fuel cells, capacitors, and supercapacitors (SCs) [4]. Among these, 

the charge accumulation mechanism is dissimilar for each of them. The Ragone plot 

presented in Figure 1.1 demonstrates the status of power versus energy performance 

of several energy-storage systems available so far. Nowadays, rechargeable and non-

rechargeable type of batteries is being widely used. They lie in the high-energy and 

low-power region, defining a time constant (operation time) ranging from one to tens 

of hours. In batteries, the chemical energy converted to get electrical energy due to 

redox reactions occurring at a cathode and an anode. But in the rechargeable type of 

batteries the process of redox reactions is reversed for limited times [5]. 

 The dominant position of Li-ion batteries in the market can be attributed to their 

high energy density, reaching up to approximately 300 Wh kg–1, and this technology 

is expected to maintain its superiority for a significant period of time. However, the 

cycle life of these batteries is limited to a few thousand cycles due to volume changes 

in the materials during cycling. Additionally, Li-ion batteries face challenges with 

slower recharge rates compared to discharge rates, primarily due to Li-metal plating at 

the negative electrode. Although ongoing efforts aim to increase battery lifespan and 

reduce charging time, there are inherent limitations associated with solid-state 
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diffusion rate, phase transformations, and volume changes during charge/discharge. 

Furthermore, the energy density decreases rapidly with size, which poses limitations 

on the use of micro-batteries for powering microscale and wearable devices. 

Currently, batteries have high energy density but cannot provide complete solution for 

electricity storage due to possess limitations like low power density and lifetime are 

caused by the charge-storage mechanism, which involves transformation of chemical 

bonds via electrochemical redox reactions in the bulk of active materials, cycle life 

limited to a few thousand cycles, due to volume changes in the materials upon 

cycling, high cost of manufacturing, heat generation, and several hours of charging 

time [6, 7]. 

 

Figure 1.1: Ragone plot of power versus energy performance of several energy-

storage systems available so far [8]. 

 Therefore, there is a demand for long-lasting and safe electricity storage device 

with high power and energy density. This can be achieved using a SC also known as 

an electrochemical capacitor (EC), which has bridged the gap between battery and 

conventional capacitor, that has greater specific capacity and specific energy related 

to conventional capacitors and higher power than batteries, resulting in an operation 

time of tens of seconds to minutes. They reduce those limitations due to their ability 

to deliver energy at a high rate, shorter charging time, more efficient charging and 
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discharging than batteries, efficient fabrication process, and long cycle life and they 

cause no pollution in the environment and hence gained significant attention in recent 

time [9-11]. 

1.1.2 Basic Working Principle of Supercapacitor: 

In the EC and conventional capacitors, the charge storage mechanisms are 

similar but the separating medium between the electrodes is different, i.e., the 

electrolyte utilized in the EC and the dielectric in traditional capacitors. In a 

conventional capacitor, the charges are accumulated electrostatically between two 

conducting electrodes that are separated by an insulating dielectric material. In the 

case of an Electric Double Layer Capacitor (EDLC), electric charge is stored at the 

surface of the metal/electrolyte interface. At the interface of the electrode, opposite 

ions form an Electric Double Layer (EDL). The created EDL is separated by a 

distance of a few Angstroms, by the specific electrolyte being used. Figure 1.2 shows 

the schematic diagram of charge storage mechanism in EC. As compared to 

conventional capacitors and batteries the EC deliver high specific energy (SE) and 

longer lifespan respectively. According to the following (Equation 1.1), EC achieves 

excellent performance when the electrode has a higher surface area and a smaller 

thickness of double layer. 

 

     Figure 1.2: Mechanism of charge storage in electrochemical capacitors (ECs). 
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The capacitance C of an EC given by the equation:            

 𝐶 = 𝜀𝑟
𝐴

𝑑
                                                                                                (1.1) 

Where 𝜀𝑟 denotes the relative permittivity, A is the surface area of active material, and 

d represents the thickness of the double layer. The energy density (E) of an EC is 

determined using the following formula,  

𝐸 =
𝐶𝑉2

2
                                                                                                 (1.2) 

where C denotes the capacitance and V represents the voltage range of the EC. 

1.1.3 Types of Supercapacitors: 

The types of ECs materials mainly depend on the charge storage mechanism. 

They are broadly listed into three categories, i.e. EDLC, pseudocapacitors and 

battery-type ECs. Charge accumulation in EDLCs is due to electrostatic mechanism 

across the electrode and electrolyte interface. The carbon derivatives and MXenes are 

of EDLCs type materials. In pseudocapacitors, redox reactions occurring on the 

surface and interior of the electrodes are responsible for charge accumulation. Metal 

oxides, chalcogenides as well as conducting polymers are pseudocapacitive electrode 

materials. The battery-type ECs obey the faradic mechanism of charge storage [12, 

13].  Mostly nickel and iron oxides and phosphates are used as battery-type materials. 

 

Chart 1.1: Classification of supercapacitor 

1.1.3.1 Symmetric Supercapacitor (SSC): 

The term "symmetric" is used to describe a type of SC where both electrodes 

are made of the same material and have identical designs. In practical terms, a similar 
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mass is deposited on both electrodes [14]. These electrodes exhibit equal and efficient 

charge storage principles, which can be either physical or chemical in nature, or a 

combination of both. Chart 1.1 shows the classification of supercapacitor. Symmetric 

supercapacitors fall into two classes: i) EDLCs and ii) Pseudocapacitors. 

 

Figure 1.3: Schematic of charge storage mechanisms for i) EDLC and ii) 

pseudocapacitor [15]. 

i) Electric Double Layer Capacitor (EDLCs): 

EDLCs, which are a common type of SCs. In EDLCs, the capacitance arises 

from the adsorption of both anions and cations at the interface between the electrode 

and electrolyte [16]. During the charging process, electrons flow from the negative 

electrode to the positive electrode through the external loop, while anions migrate 

towards the positive electrode and cations move towards the negative electrode. The 

direction of electron and ion movement is reversed during the discharging process 

[17, 18]. Figure 1.3 (i) shows the schematic representation of energy storage 

mechanism in EDLCs. A highly reversible EDLCs capacitor delivers high cycling 

stability and higher surface area of electrodes they achieve higher capacitance. 

Moreover, due to faster discharge rate and absence of charge transfer chemical 

reactions the EDLCs provide higher specific power density and superior cycle life 

respectively [19]. The Helmholtz model is a simplified description of the process of 

double-layer capacitance using the equation for a parallel plate capacitor, 

𝐶 =  
𝜀𝐴

𝑑
        (1.3) 
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where C is the double-layer capacitance, ε is the permittivity of the dielectric 

separating the charges, A is the surface area of the electrode, and d is the distance 

between the electrode and electrolyte ions. The specific energy (SE) and specific 

power (SP) of electrochemical capacitor can be determined with these equations, 

SE =  
0.5 × Cs ×(V1

2 − V0
2)

3.6
          (1.4)            and              SP =  

3600 × SE 

dt
  (1.5) 

where Cs represents the specific capacitance, ΔV denotes the potential window of the 

supercapacitor, and Δt is the time duration. Typically, the carbon derivatives such as 

activated carbon (AC), [20] aerogels, [21] carbon nanotubes (CNTs), [22] carbon 

nanofibers (CNFs), [23] graphene, [24] and carbide-derived carbons [25] are 

generally shows EDLC type behavior and utilized as EDLC materials.  

One of the limitations of carbon-based SCs is their relatively lower energy 

density, particularly in terms of volumetric energy density, which hinders their 

practical implementation. To address this limitation, research efforts are focused on 

optimizing synthesis conditions to enhance various performance-enhancing factors. 

Factors such as specific surface area, surface energy, electrical conductivity, and pore 

size distribution play crucial roles in improving the performance of carbon-based SCs. 

Increasing the specific surface area allows for more electrolyte ions to be adsorbed, 

resulting in higher capacitance. Controlling surface energy helps in achieving better 

ion adsorption and desorption kinetics. Enhancing electrical conductivity ensures 

efficient electron transport within the electrode material, enabling faster 

charge/discharge rates. Optimizing pore size distribution facilitates easy access for 

electrolyte ions, improving the overall performance of the EDLCs [26]. Therefore, 

future research in the field of EDLC-based materials should focus on fine-tuning 

synthesis conditions to maximize these performance-enhancing factors, ultimately 

leading to improved SE and better practical viability of carbon-based SCs. 

ii) Pseudocapacitor: 

The charge storage mechanism in Pseudocapacitor is distinct from that of 

EDLCs, as it relies on reversible surface redox reactions between the electrode and 

the electrolyte to transfer charges. Figure 1.3 (ii) illustrates the schematic 

representation of the charge storage mechanism in a pseudocapacitor. 

Pseudocapacitors exhibit higher capacitance and energy densities compared to EDLCs 

due to the faradaic process involved. The performance of pseudocapacitors is affected 
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by several factors, such as the conductivity of the materials, the surface area of the 

active electrode, and the porosity of the materials. Their charge storage mechanism 

involves redox reactions, insertion and extraction processes, and electrosorption. 

Extensive research has been carried out on various transition metal compounds, 

including chalcogenides, silicates, carbides, nitrides, and polymers like polyaniline 

(PANI), polypyrrole (PPy), and polythiophene (PTh), metal-doped carbon, and 

phosphates among others [27-32].  These materials are gaining increasing interest due 

to their higher Cs and SE [33, 34].  

Among these materials, Transition Metal Chalcogenides (TMCs) have attracted 

considerable interest because of their superior electrical conductivity and thermal 

stability relative to other transition metal compounds and polymers. These properties 

make TMCs highly suitable for achieving high capacitance and SE in portable energy 

storage devices [35, 36]. Based on the energy storage mechanism, pseudocapacitors 

can be classified into three categories: intrinsic (charge transfers (or redox reactions) 

occurring at the surface of the electrode), intercalation (faradaic charge transfer due to 

the intercalation of electrolyte ions into the tunnels or layers with no crystallographic 

phase change.), and extrinsic (materials show batterylike features (strong redox peaks 

and plateau in GCD) in the bulk phase, however, in the form of nanostructures, 

pseudocapacitive behavior emerges). 

1.1.3.2 Asymmetric Supercapacitors (ASCs): 

Asymmetric supercapacitors (ASCs) are distinguished by the dissimilar 

processes that occur within them based on their nature [37]. One electrode undergoes 

redox reactions, while the other electrode involves charge-discharge of electrostatic 

charge storage in the electric double-layer. This type of SCs is often referred to as 

"hybrid" in modern terminology. It encompasses improved versions of symmetric SCs 

where changes are made to the electrolyte compositions, mass loading, and electrode 

geometry, while keeping the active materials and operating processes unchanged. 

1.1.3.3 Hybrid Supercapacitor (HSCs): 

Hybrid supercapacitors (HSCs) represent a highly innovative approach that 

combines the superior performance aspects of different types of SCs. The primary 

objective of HSCs is to enhance technical characteristics and potentially reduce costs 

compared to conventional supercapacitors by utilizing different materials for each 
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electrode. Through ongoing research and development efforts, combinations of 

positive and negative electrodes from diverse technologies have been achieved. The 

key technological challenge in this field is to bridge the gap between SCs and 

electrochemical batteries, thereby achieving a balance that offers the best of both 

worlds. 

The fundamental design of a HSCs involves using two electrodes made of 

dissimilar materials that employ different working processes, including faradic and 

non-faradic mechanisms. The objective of exploring these electrode combinations is 

to achieve an extended cycle life similar to EDLCs and the high power capacity of 

conventional capacitors. Additionally, the aim is to overcome the cost limitations of 

pseudocapacitors and enhance the energy density to approach that of batteries. This 

category of HSCs can be further classified into three main types: (i) hybrid 

electrolytic, (ii) composite, and (iii) battery-like SCs. 

i) Hybrid Electrolytic Supercapacitor: 

The pseudo-capacitive electrode, based on metal oxides, can be integrated 

with the electrode of a conventional electrolytic capacitor. This combination allows 

for the retention of the high power characteristics of electrolytic capacitors, while the 

addition of pseudo-capacitance on one electrode significantly increases the device's 

Cs. 

ii) Composite Supercapacitor: 

The second type of HSCs is the composite SCs, which involves combining the 

electrode of an EDLC with a composite electrode. This composite electrode 

incorporates carbon-based materials like carbon nanotubes, along with conducting 

polymers or metal oxides [38, 39]. These devices are also referred to as asymmetric 

HSCs. 

iii) Battery-type Supercapacitor:  

HSCs of this category consist of two distinct electrodes that belong to different 

energy storage mechanisms. One electrode is derived from SCs, while the other 

electrode is derived from batteries such as lead-acid (lead oxides), alkaline (nickel 

oxides) or lithium. Recent research has focused on exploring various combinations of 

SCs electrodes with battery-derived electrodes [37, 40]. These devices are of 
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particular interest not only because they offer potential solutions to overcome 

limitations associated with batteries but also due to their practical utility. 

1.2 General Introduction of Sensors: 

Industrial development on a massive scale has given rise to numerous 

environmental pollution issues worldwide. Pollution refers to the introduction of 

harmful contaminants into the environment, leading to undesirable alterations. The 

consequences of environmental pollution encompass global warming and various 

adverse effects on the delicate ecosystem. Regrettably, humans have not adequately 

addressed the severity of environmental pollution [41]. Consequently, the 

repercussions of environmental pollution have manifested in numerous natural and 

man-made disasters. The various types of pollution, air pollution has become a 

particularly severe threat to both the environment and living organisms.  

Industrial processes release a plethora of toxic and hazardous gaseous 

pollutants into the atmosphere, making industries a major contributor to air pollution. 

Furthermore, air pollution also arises from domestic sources such as automobiles, 

home furnaces, stoves, open burning of refuse, and leaves. Factors like modern life 

styles, increasing urbanization, and the use of farming chemicals also play a 

significant role in worsening air quality. However, the primary culprit behind harmful 

gas emissions that cause air pollution remains the burning or combustion of fossil 

fuels [42]. Numerous harmful gases, including carbon dioxide (CO2), carbon 

monoxide (CO), sulfur oxides (SOx), nitrogen oxides (NOx), chlorine (Cl2), ethanol 

(C2H5OH), ammonia (NH3), volatile organic compounds (VOCs), and more, are 

released through industrial and human activities. These activities involve the 

combustion of fossil fuels in diverse sectors such as industries, vehicles, chemical 

plants, agriculture, and thermal power plants. Unfortunately, these harmful gases can 

have severe repercussions on human health, leading to respiratory infections, lung 

cancer, heart diseases, and other health issues. As a result, the real-time and effective 

detection of such harmful gases in the environment becomes a matter of utmost 

importance [43]. 

1.2.1 Sensors: 

A sensor is an electronic devices or instruments that designed to receive 

physical, chemical, or biological signals and convert them into compatible electric 
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signals for electronic circuits and used for various purposes. The term ‘sensor’ is 

derived from the concept of mimicking or replicating human senses. Another term 

often used interchangeably with ‘sensor’ is ‘transducer’. Therefore, a sensor or 

transducer can detect an input signal and convert it into a suitable output signal. 

Sensors play a vital role in monitoring and controlling different systems, processes, 

and environments across various industries and applications. Sensors have diverse 

applications in numerous fields, including automobiles, airplanes, cellular telephones, 

radios, chemical plants, industrial facilities, and machinery integrity assessment. They 

are also utilized for monitoring the environment, detecting hazardous chemicals, toxic 

substances, explosive gases, and finding countless other applications [44]. 

 

Chart 1.2: Classification of sensors 

1.2.2 Classification of Sensors:  

There are numerous types of sensors, each can be designed and categorized 

based on their purpose, conversion principle, fabrication technology, modes of 

applications, output signal, etc. The main classification of sensors is according to their 

principle of operation, which divides them into two categories: physical sensors and 
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chemical sensors. Physical sensors detect physical effects, while chemical sensors 

operate based on chemical effects, as depicted in Chart 1.2. 

a) Physical Sensors: Physical sensors are devices used to collect data on the physical 

properties of a system. They operate based on different physical principles, such as 

photoelectric, piezoelectric, magnetostriction, ionization, thermoelectric, and 

magnetoelectric effects to carry out their operations.  These sensors play a crucial role 

in detecting and measuring a wide range of physical parameters in different 

applications and industries. 

b) Chemical Sensors: Chemical sensors are devices designed to convert chemical 

information into a useful analytical signal, which can vary from determining the 

concentration of a specific component in a sample to conducting a total composition 

analysis. These sensors operate based on chemical reactions occurring between the 

analyte (the chemical being detected) and the surface of the sensor. Various types of 

chemical sensors exist, including gas sensors, humidity sensors, magnetic sensors, 

ionic sensors, and biochemical sensors. They play a crucial role in detecting and 

monitoring different chemicals, enabling applications in environmental monitoring, 

healthcare, industrial processes, and other fields. 

The progress in sensor technology has facilitated the creation of intelligent and 

interconnected systems commonly known as the Internet of Things (IoT). Through 

this network, data gathered from diverse sensors can be collected, analyzed, and 

utilized to make well-informed decisions, enhance efficiency, and deepen our 

comprehension of the environment and various processes. In recent years, there has 

been a growing global emphasis on addressing atmospheric pollution to safeguard the 

environment and mitigate health-related issues.  

The detection of toxic and flammable gases has become a significant concern 

in both domestic and industrial sectors. As a result, the development of efficient gas 

sensors has garnered considerable attention in light of these concerns. Researchers 

worldwide are actively working towards advancing gas sensor technologies to enable 

accurate and reliable detection of hazardous gases, thereby addressing environmental 

and safety challenges. 
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1.2.3 Gas Sensor: 

In the past few decades, the living standards of humans have experienced a 

remarkable uplift, due to industrial and technological revolutions. However, these 

advancements have also resulted in increased air pollution, posing significant 

environmental and human health challenges. As a consequence, the detection of toxic, 

hazardous, and flammable gases has become vital in safeguarding the environment 

and the well-being of living organisms [45]. Addressing these issues is crucial to 

ensure sustainable development and a healthier future for humanity. 

As a result, the monitoring of air quality has become a crucial focus in current 

research activities. In parallel with industrialization, the development of technology 

for monitoring toxic and explosive gases has become necessary. While, the human 

olfactory system is effective in detecting and identifying many odors, it often falls 

short when it comes to hazardous gases or vapors. These substances may either be 

detectable only at extremely high concentrations or completely undetectable by our 

senses. This highlights the need for advanced technological solutions to accurately 

detect and monitor such hazardous gases in order to ensure environmental safety and 

human well-being. 

The increasing need for gas sensors in environmental monitoring has spurred 

the creation of sensors employing a variety of materials, technologies, and principles. 

Significant advancements have been made in sensor technology, with future 

innovations expected. Gas detection devices are becoming crucial for applications 

including industrial safety, environmental monitoring, and process control. 

As a result, significant research is ongoing in the field of gas sensors, with a 

focus on enhancing the performance of traditional devices through nano-engineering 

approaches. These efforts are in gas sensor research aim to improve accuracy, 

reliability, and efficiency, ensuring their effectiveness in various monitoring 

applications. Depending on the required sensitivity and specific purposes, three 

comprehensive categories of gas monitoring are essential [46, 47].  

The initial category is related to atmospheric oxygen monitoring. To maintain 

breathable atmospheres, it is crucial to monitor oxygen concentration at 

approximately 20%. For controlling combustion processes in devices like boilers and 
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internal combustion engines, a narrower range of 0-5% oxygen concentration 

monitoring is necessary.  

The second category pertains to toxic gases present in the atmosphere, such as 

carbon monoxide (CO), hydrogen sulfide (H2S), chlorine (Cl2), nitrogen dioxide 

(NO2), and others. To address this concern, the sensor must possess the ability to 

detect and measure concentrations of these toxic gases accurately, even at 

concentrations below hazardous levels, typically ranging from 1 part per million 

(ppm) to several hundred ppm. 

The third category of gas monitoring focuses on explosive or flammable gases, 

such as acetylene (C2H2), ethylene (C2H4), propylene (C3H6), propane (C3H8), 

liquefied petroleum gas (LPG), and others. The primary objective here is to safeguard 

against potential fire or explosion incidents. To achieve this, the sensor must be 

capable of detecting and monitoring concentrations of explosive gases below their 

respective Lower Explosive Limit (LEL). For most gases, this LEL threshold lies 

within a range of up to a few percent concentrations in the air. 

In summary, for toxic gas applications, the sensor should be proficient in 

measuring gases at low concentrations, typically in ppm. On the other hand, for 

combustible gas monitoring, the sensors capability lies in measuring high gas 

concentrations, often reaching several percent levels [46]. 

1.2.4 Types of Gas Sensor: 

Based on their operating principles, chemical gas sensors can be categorized 

into following types,  

I) Solid electrolyte sensor,  

II) Catalytic combustion sensor, and 

III) Semiconductor gas sensor. 

1.3 Literature Survey of Supercapacitor and Gas sensor: 

Nanostructured rare earth metal sulfides and selenides have garnered 

significant interest for their impressive physical and electrical properties, which make 

them suitable for various applications in magnetic, catalysts, electronic, optical, and 

optoelectronic devices [48, 49]. The distinctive characteristics of Rare Earth Metal 

Chalcogenides (REMCs) include 4f vacant orbital, high mechanical stability, rapid 
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charge transfer, and high ionic conductivity at the electrode-electrolyte interaction 

[50, 51]. In recent years, nano-and microstructured rare earth metal sulfides and 

selenides have been explored as a novel class of energy storage materials. These 

materials share several advantageous properties, including a wider potential window, 

multiple valence states, improved charge-discharge performance, and higher energy 

density. One notable feature shared by sulfides and selenides is the ability of their 

metal component to exist in multiple valence states [52]. Table 1.1 demonstrates the 

literature survey of rare earth chalcogenide and its composite based electrode 

materials for energy storage. 

i) Dysprosium Sulfide: 

Rare earth metal chalcogenides thin films have garnered significant attention 

for their wide range of applications, including electrochemical supercapacitors, solar 

cells, gas sensing and electrophotocatalysis, due to their favorable structural, 

electrical, and mechanical properties. Although they have not been extensively 

studied for energy storage purposes, they possess promising potential as quite 

competitive materials for supercapacitor applications. Dysprosium sulfide is an 

affordable and eco-friendly material that demonstrates good electrochemical 

performance. However, there are no available reports on the use of dysprosium sulfide 

in gas sensors, and only a few studies have investigated its application in SCs (Table 

1.1). Dysprosium sulfide (Dy2S3) and dysprosium sulfide/reduced graphene oxide 

(Dy2S3/rGO) composite thin films were synthesized by Bagawde et al. [53, 54] via 

successive ionic layer adsorption and reaction (SILAR) method with Cs of 280 and 

517 F g-1 at a scan rate 5 mV s-1. 

ii) Dysprosium Selenide: 

Dysprosium selenide is another potential dysprosium chalcogenide that could 

be utilized as an electrode material for supercapacitors, especially when combined 

with reduced graphene oxide. Effective supercapacitor electrode design requires 

properties such as a wide potential window, high specific capacitance, high SP, and 

rapid charge-discharge rates. Integrating metal chalcogenides with rGO can 

significantly enhance the electrochemical performance of the composite. However, no 

reports have been published on dysprosium selenide-based supercapacitors to date. 
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Consequently, this study focuses on exploring dysprosium selenide for supercapacitor 

applications. 

1.3.1 Literature Survey on Rare Earth Metal Chalcogenide and its Composite 

Thin Films for Supercapacitor Performance: 

Recently, Yadav et al. [55] prepared a honeycomb-like La2O3 using the spray 

pyrolysis method, achieving a Cs of 166 F g-1 at scan rate of 5 mV s-1 in 1 M LiClO4 

electrolyte, with 85 % cyclic retention after 3,000 cycles. In another study, Yadav et 

al. [56] fabricated a 3D irregular grain La2O3 thin film using the chemical bath 

deposition (CBD) method, obtaining a Cs of 147 F g-1 at scan rate of 5 mV s-1 in 1 M 

KOH electrolyte, with 96 % cyclic retention after 2,000 cycles. Yadav et al. [57] 

deposited microrod-like La2O3 electrode by hydrothermal method and reported Cs of 

250 F g-1 with 81 % good cyclic stability after 1000 cycles. Zhang et al. [58] reported 

reduced graphene oxide/lanthanum oxide (RGO/La2O3) composites by  simple reflux 

process and obtained high Cs of 156 F g-1 with 78% excellent cycle stability after 500 

cycles. Miah et al. [59] synthesized La2O3 nanosheet decorated reduce graphene oxide 

(RGO/La2O3) by co-precipitation  method and obtained Cs of 751 F g-1 with 67 % 

good cyclic stability. Naderi et al. [60] synthesis of Eu2O3 nanoparticles anchoring 

them onto the surface of reduced graphene oxide (rGO) (Eu2O3-rGO) by facile 

sonochemical procedure and reported Cs of 313 F g-1 at a scan rate of 2 mV s-1 in a 

0.5 M Na2SO4 electrolyte. Aryanrad et al. [61] EuO2 nanorods (EuNR)-RGO) were 

synthesized as electrode materials using the hydrothermal method, achieving a Cs of 

403 F g-1 at scan rate of 2 mV s-1 in 3 M KCl electrolyte. Dhanalakshmi et al. [62] 

prepared gadolinia/nickel sulfide (Gd2O3/NiS2) nanocomposite via simple two step 

hydrothermal method and found Cs of 354 F g-1 in 2 M KOH electrolyte. Kubra et al. 

[63] synthesised of praseodymium oxide/ hausmannite manganese oxide 

(Pr6O11/Mn3O4) nanocomposites by employing the hydrothermal route and obtained 

Cs of 795 F g-1 in 3 M KOH electrolyte. Ubale et al. [64] synthesied groundnuts-like 

samarium oxide (Sm2O3) thin film by hydrothermal method and exhibits maximum Cs 

of 155 F g-1 at 5 mVs-1 scan rate in 1 M KOH electrolyte.  

Dezfuli et al. [65] prepared Sm2O3/RGO nanocomposite by utilizing a facile 

sonochemical procedure and found Cs of 321 F g-1 in a 0.5 M Na2SO4 electrolyte. 

Prasanna et al. [66] prepared cerium oxide (CeO2) by combustion approach with 

obtained Cs of 135 F g-1 in 1 M KOH electrolyte. Zahid et al. [67] prepared cerium 
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sulfide and graphene oxide (Ce2S3/GO) nanocomposite by hydrothermal method and 

obtained Cs of 53 F g-1 in 2 M KOH electrolyte. Pandit et al. [68] synthesized nano-

pebble like cerium selenide (CeSe2) by SILAR method and obtained Cs of 285 F g-1 in 

1 M Na2SO3 electrolyte. Patil et al. [69] reported Cs of 358 F g-1 at a scan rate of 5 

mV s-1 in 1 M Na2SO4 electrolyte for SILAR deposited wave-like La2S3 thin films. 

Ghogare et al. [70] deposited nano petals-like lanthanum sulfide (β-La2S) electrode by 

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

Na2SO4 electrolyte. Patil et al. [71] reported Cs of 256 F g-1 for porous α-La2S3 thin 

films prepared by SILAR method.  

Patil and Lokhande [72] achieved a specific capacitance of 294 F g-1 at a scan 

rate of 5 mV s-1 in 1 M LiClO4 electrolyte using La2S3 thin films synthesized via CBD 

method. Ghogare et al. [73] prepared grass-like lanthanum sulfide/graphene oxide 

(La2S3-GO) composite thin films via SILAR method and reported Cs of 312 F g-1 at a 

scan rate of 5 mV s-1 in 1 M Na2SO4 electrolyte. Patil et al. [74] nanoflakes -like 

La2Se3 thin films synthesized and attained specific capacitance of 331 F g-1 at 5 mV s-

1 scan rate in 2 M KOH electrolyte. Patil et al. [75] showed maximum Cs of 363 F g-1 

for SILAR synthesized nanocubes 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 electrolyte for CBD deposited 

cinnamon-like lanthanum telluride (La2Te3) thin films. Kumbhar et al. [77] prepared 

honeycomb-like samarium sulfide (α-Sm2S3) thin films by SILAR and showed 294 F 

g-1 Cs at scan rate 5 mV s-1 in 1 M PC-LiClO4 electrolyte. Kumbhar et al. [78] 

prepared Sm2S3 thin film material by CBD method for electrochemical behavior and 

reported Cs of 248 F g-1 with 94 % electrochemical stability in 1.5 M PC-LiClO4 

electrolyte. Kumbhar et al. [79] reported Cs of 294 F g-1 at a constant scan rate of 5 

mV s-1 for SILAR synthesized α-Sm2S3 thin films. Kumbhar et al. [80] deposited 

nanoflakes Sm2S3 thin films by CBD method and reported 213 F g-1 in 1 M PC-

LiClO4 electrolyte. Ghogare et al. [81] obtained the Cs of 360 F g-1 in 1 M Na2SO4 

solution for SILAR synthesized nano-strips like graphene oxide /samarium sulfide 

(GO/Sm2S3) composite thin films.  

Kumbhar et al. [82] prepared cross-linked nanorods of samarium selenide 

(Sm2Se3) thin film material by CBD method and reported Cs of 316 F g-1 with 87 % 

electrochemical stability in 1 M PC-LiClO4 electrolyte. Kumbhar et al. [83] reported 

Cs of 207 F g-1 for barley-like Sm2Te3 films prepared via simple CBD method. 
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Kumbhar et al. [84] obtained cloud-like Sm2Te3 thin films which showed Cs of 144 F 

g-1 at a scan rate of 5 mV s-1. Pujari et al. [85] showed Cs of 270 F g-1 for 

hydrothermally prepared monoclinic or nanoparticles and distributed nanorods-like 

ytterbium sulfide (Yb2S3) thin films. Ubale et al. [86] deposited nano grained Yb2S3 

thin films through a CBD method and delivered Cs of 185 F g-1 in 1 M KOH 

electrolyte at a 5 mV s−1 scan rate. Ubale et al. [87] deposited Yb2S3 electrode by 

SILAR method and showed Cs of 181 F g−1 with 83% capacity retention up to 3000 

CV cycles. Ubale et al. [88] reported graphene oxide/ytterbium sulfide (GO/Yb2S3) 

composite thin films exhibited the maximum Cs of 376 F g−1 in 1 M Na2SO4 

electrolyte at scan rate of 5 mV s−1. Bagawde et al. [53] reported SILAR synthesized 

dysprosium sulfide (Dy2S3) thin films showed a maximum Cs of 273 F g-1 in 1 M 

Na2SO4 electrolyte at scan rate of 5 mV s−1. Bagawde et al. [54] reported Dy2S3/rGO 

thin films synthesized by using SILAR method exhibited Cs of 517 F g-1 in an in 1 M 

Na2SO4 electrolyte at scan rate of 5 mV s−1.  

According to a review of the literature survey, few reports are available on 

Dy2S3 and rGO/Dy2S3 and no report available on Dy2Se3 and rGO/Dy2Se3 preparation 

by chemical methods. So, our aim is to prepare Dy2S3, rGO/Dy2S3, Dy2Se3 and 

rGO/Dy2Se3 using simple chemical methods, such as CBD and SILAR. These are 

promising methods for the preparation of metal chalogenide thin films over stainless 

steel (SS) substrate. Those methods are probably easiest, low cost, and suitable to 

prepare large-area, binder-free thin film electrodes for SC applications. 
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Table 1.1: Supercapacitor performances of rare earth metal chalcogenide and theirs composite thin films 

Sr. 

No. 

Deposited 

Materials 

Method of 

Preparation 
Substrate Structure Electrolyte 

Potential 

Window 

(V) 

Specific 

Capacitance 

(F g-1) 

Electroche

mical 

Stability 

(%) 

(Cycles) 

Ref. 

No. 

1 La2O3 Spray 

pyrolysis 

Glass & 

FTO 

Honey-comb 

like 

1 M LiClO4 0.0 to -0.6 166 85 (3000) 

 

[55] 

 

2 La2O3 CBD Stainless 

steel (SS) 

3D irregular 

grains 

1 M KOH -0.1 to -

0.8 

147 96 (2000) 

 

[56] 

3 La2O3 Hydrothermal SS Microrod like 1 M KOH 0.0 to -0.7 250 81 (1000) [57] 

4 RGO/La2O3 Reflux Nickel 

foam (NF) 

Rod-like 

nanoparticles 

3 M KOH 

 

-1.0 to  0.0 156 78 (500) [58] 

5 RGO/La2O3 Co-

precipitation 

Copper 

foil 

Nano sheets 1 M H2SO4 0.0 to 0.9 751 67 (2000) 

 

[59] 

6 Eu2O3-rGO Facile 

sonochemical 

SS Layered and 

wrinkled 

0.5 M 

Na2SO4 

0.1 to -0.9 313 97.6 (5000) [60] 

7 Eu2O3-rGO Hydrothermal Steel grid Nanorods 3 M KCl 0.1 to -0.9 403 96.8 (5000) [61] 

8 Gd2O3/NiS2 Hydrothermal NF Mesospheres-

microspheres 

2 M KOH 0.5 to -0.5 354 98  (5000) [62] 

9 Praseodymium 

oxide(Pr6O11/Mn3O) 

Hydrothermal NF Regular network 3 M KOH 0 to  0.5 795 80 (800) [63] 

10 Sm2O3 Hydrothermal SS Porous 

groundnuts-like 

1 M KOH 

 

-1.2 to -

0.5 

155 Not 

reported 

[64] 
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Sr. 

No. 

Deposited 

Materials 

Method of 

Preparation 
Substrate Structure Electrolyte 

Potential 

Window 

(V) 

Specific 

Capacitance 

(F g-1) 

Electroche

mical 

Stability 

(%) 

(Cycles) 

Ref. 

No. 

11 Sm2O3-rGO Sonochemical SS Layered and 

winkled 

0.5 M 

Na2SO4 

-0.8 to 0.2 321 99 (4000) [65] 

12 CeO2 Combustion  NF Soapsuds-like 1 M KOH -0.3 to 

0.45 

135 92.5 (1000) [66] 

13 Cerium 

sesquisulfide/Graphe

ne oxide (Ce2S3/GO) 

Hydrothermal NF Grass like 2 M KOH 

 

0 to 0.4 53 Not 

reported 

[67] 

14 Cerium selenide 

(CeSe2) 

SILAR SS Nano-pebble 

like 

1 M Na2SO3 

 

0 to -0.9 285 85.5 (4000) [68] 

15 Lanthanum sulfide 

(La2S3) 

SILAR SS Porous ridges 

 

1 M Na2SO4 -0.3 to -

1.1 

358 78 (1000) [69] 

16 Lanthanum 

sulfide 

(β-LaS2) 

Hydrothermal SS Petals 1 M Na2SO4 0 to -1.15 121 Not 

reported 

[70] 

17 Lanthanum sulfide 

(α-La2S3) 

SILAR SS Porous 1 M LiClO4 0 to -1.2 256 85 (1000) 

 

[71] 

18 Lanthanum sulfide 

(La2S3) 

CBD SS Compact and 

small grains 

1 M LiClO4 0 to -1.2 294 89 (1000) [72] 

19 Lanthanum 

sulfide/graphene 

SILAR SS Grass-like 1 M Na2SO4 0 to -1.0 312 94 (1000) [73] 
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Sr. 

No. 

Deposited 

Materials 

Method of 

Preparation 
Substrate Structure Electrolyte 

Potential 

Window 

(V) 

Specific 

Capacitance 

(F g-1) 

Electroche

mical 

Stability 

(%) 

(Cycles) 

Ref. 

No. 

oxide (La2S3-GO) 

20 Lanthanum 

selenide (La2Se3) 

CBD SS Nanoflakes 

 

2 M KOH -0.2 to -

1.1 

331 84 (1000) 

 

[74] 

21 Lanthanum 

selenide (La2Se3) 

SILAR SS Nanocubes 0.8 M PC-

LiClO4 

0 to -1.3 363 83 (1000) 

 

[75] 

22 Lanthanum telluride 

(La2Te3) 

CBD SS Cinnamon -like 1M  KOH -0.3 to -

1.3 

469 73 (1000) [76] 

23 Samarium sulfide  

(α-Sm2S3) 

SILAR SS Nanoporous 

honeycomb 

1 M PC-

LiClO4 

0.0 to -1.2 294 89 (1000) [77] 

24 Samarium sulfide 

(Sm2S3) 

CBD SS Porous network 1.5 M PC-

LiClO4 

0.0 to -1.3 248 94 (1500) 

 

[78] 

25 Samarium sulfide  

(α-Sm2S3) 

SILAR SS Porous 1 M PC-

LiClO4 

0.0 to -1.2 294 Not 

reported 

[79] 

26 Samarium sulfide   

(Sm2S3) 

CBD SS Nanoflakes 

 

1 M PC-

LiClO4 

0.0 to -1.3 213 81 (1000) 

 

[80] 

27 Graphene oxide 

/Samarium sulfide 

(GO/Sm2S3) 

SILAR SS Nano-strips like 

 

1 M Na2SO4 0.0 to -1.0 360  

88 (2000) 

[81] 

28 Samarium selenide CBD SS Nanorods 1 M PC- 0.0 to -1.3 316 87 (1000) [82] 
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Sr. 

No. 

Deposited 

Materials 

Method of 

Preparation 
Substrate Structure Electrolyte 

Potential 

Window 

(V) 

Specific 

Capacitance 

(F g-1) 

Electroche

mical 

Stability 

(%) 

(Cycles) 

Ref. 

No. 

(Sm2Se3) LiClO4 

29 Samarium telluride  

(Sm2Te3) 

CBD SS Barley-like 1 M PC-

LiClO4 

0.0 to -1.3 207 

 

78 (1000) [83] 

30 Samarium telluride  

(Sm2Te3) 

SILAR SS Cloud like 1 M PC-

LiClO4 

0.0 to -1.3 144 69.3 (1000) [84] 

31 Ytterbium sulfide 

(Yb2S3) 

Hydrothermal SS Nanorod like 1 M Na2SO4 0.0 to -1.0 270 79.5 (1000) [85] 

32 Ytterbium sulfide 

(Yb2S3) 

CBD SS Nano grained 1 M KOH -0.2 to -

1.2 

185 81 (2000) [86] 

33 Ytterbium sulfide  

(Yb2S3) 

SILAR SS Porous 1 M Na2SO4 0.0 to -1.0 181 83 (3000) [87] 

34 Graphene oxide/ 

Ytterbium sulfide 

(GO/Yb2S3) 

SILAR SS Porous 1 M Na2SO4 

 

0.0 to -1.0 376 94 (3000) [88] 

35 Dysprosium sulfide 

(Dy2S3) 

SILAR SS Dense surface 1 M Na2SO4 0.0 to -1.0 273 Not 

reported 

[53] 

36 Dysprosium 

sulfide/reduced 

graphene oxide 

(Dy2S3/rGO) 

SILAR SS Compact 

nanosheets 

 

1 M Na2SO4 0.1 to -0.9 517 88 (5000) [54] 
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1.3.2 Literature Survey on Metal Sulfide and its Composite Thin Films for Gas 

Sensing Performance: 

Transition metal sulfide has received a lot of attention in various fields, 

including supercapacitors, solar cells, catalysis, and gas sensors. Due to its distinct 

morphology and superior mechanical, electrical, and electrochemical properties. The 

operation of metal sulfides (MSs) in gas sensors relies on changes in conductivity 

triggered by interactions with gas molecules, with performance primarily influenced 

by the operating temperature. An inorganic sulfur anion is known as sulfide, and one 

or more S2- ions are known as sulfur dioxide, with the chemical formula S2. MS is a 

combination of sulfur anions and metal/semi-metal cations. In the form of MxSy (x:y 

= 1:1, 1:2, 2:1, 3:4) [89, 90]. However, there are no reports on dysprosium sulfide for 

gas sensors. Therefore, various other transition MSs and their composites for gas 

sensor performance are described in Table 1.2. 

Burungale et al. [91] proposed a NO2 gas sensor using PbS nanoparticulate 

thin films, synthesized by the simple SILAR method, which showed a high sensitivity 

of 35% towards NO2 at 50 ppm concentration at 423 K temperature with a rapid 

response time of 6 s. Vanalakar et al. [92] synthesized CdS nanowire mesh via a wet 

chemical route at relatively low temperatures. The proposed NO2 gas sensor showed a 

high gas response of about 1850% of 100 ppm of NO2 gas at 473 K. Navele et al. [93] 

prepared a thin film of CdS by the CBD method and showed a high sensitivity of 61% 

for 200 ppm NO2 at room temperature. Wang et al. [94] A thermo-evaporation-grown 

single-crystalline ZnS NWs-based gas sensor with good sensing selectivity 21% of 

100 ppm for acetone at 593 K. Souissi et al. [95] fabricated In2S3 thin film by spray 

pyrolysis and proposed it for the detection of ethanol. The sensor response toward  

5000 ppm  NO2 was 6% at 623 K. Kim et al. [96] A 2D NbS2-based NO2 sensor at 

room temperature that showed a response of 18% to 5 ppm NO2. Xu et al. [97] 

reported ultra-thin WS2 NSs by using a hydrothermal and calcination procedure, and 

the sensor response of 9 % toward 0.1 ppm NO2 gas at ambient temperature. Ou et al. 

[98] 2D SnS2-based gas sensors demonstrated high NO2 sensing selectivity and 

reversibility with a response of 35% to 10 ppm NO2 at 393 K. 

Late et al. [99] synthesized MoS2 by using the micromechanical exfoliation 

(ME) method and the sensor response of 1372% of 1000 ppm towards NO2 at room 

temperature. Navale et al. [100] The PbS thin films were fabricated using the CBD 
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method. The developed sensor showed high selectivity for NO2, with a sensitivity of 

74 for 100 ppm NO2 gas at room temperature.  Wang et al. [101] reported SnS thin 

film for NO2 gas sensor, which exhibit excellent selectivity and reversibility at room 

temperature in addition to a high response of 20% towards NO2 at 0.1 ppm 

concentration. Wang et al. [102] fabricated a flower shaped CuS by facile 

hydrothermal method-based ethanol gas sensor, which showed a sensing selectivity of 

5.22% of 100 ppm ethanol concentration at 443 K temperature.  

Fu T-X et al. [103] chemically synthesized a Bi2S3 thin film based NH3 sensor 

with a high sensitivity of 40% of 200 ppm NH3 at room temperature. Li et al. [104] 

fabricated flexible devices for formaldehyde detection at room temperature using gas 

sensors based on rGO/MoS2 hybrid films. They showed a high sensitivity of 2.8% of 

10 ppm towards formaldehyde at room temperature. Roshan et al [105] Prepared PbS 

NCs/rGO hybrids via the hydrothermal method. The sensor has shown a good 

response of 45% of 10000 ppm towards methane at room temperature. Wu et al. [106] 

synthesized SnS2/rGO composite based NO2 sensor and showed a high sensitivity of 

50% of 8 ppm towards NO2 at room temperature. Shao et al. [107] synthesized rGO-

MoS2-CdS nanocomposite films through solvothermal processing and evaluated their 

sensing performance. The sensor response toward 0.2 ppm NO2 was 27%.  

In summary of the literature survey, there are various reports on metal sulfides 

and their composites for gas sensors. However, there are no reports available for 

dysprosium sulfide and its composites for gas sensors. Therefore, the aim is to 

synthesize Dy2S3 and rGO/Dy2S3 by using chemical processes like the chemical bath 

deposition (CBD) method. 
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Table 1.2: Gas sensing performance of various metal sulfide and its composite thin films 

Sr. 

No. 

 

Material 

Method of 

Preparation 

Working 

Temperature 

(K) 

 

Gas 

Gas 

Concentration 

(ppm) 

Sensitivity 

(%) 

Sensitivity 

Definition (%) 

 

Ref. 

1 PbS SILAR 423  NO2 50 35 (Ra−Rg)/Ra [91] 

2 CdS Wet chemical route 473 NO2 100  1850 (Rg-Ra/Ra) × 100 [92] 

3 CdS CBD RT NO2 200 61 (Rg-Ra/Ra) × 100 [93] 

4 ZnS Thermal evaporation 593  Acetone  100 21 S=Ra/Rg [94] 

5 β-In2S3 Spray pyrolysis 623  Ethanol 5000  6 IEtOH/IDryair [95] 

6 NbS2 CVD RT NO2 5 18 (ΔR/R0) [96] 

7 WS2  Hydrothermal RT NO2 0.1 9 --- [97] 

8 SnS2 Solvothermal 

 

393  NO2 10 35 Rg/Ra for Rg >Ra, 

or Ra/Rg for Rg<Ra 

[98] 

9 MoS2 ME RT NO2 1000 1372 (Rg - RN2) / RN2 [99] 

10 PbS CDB RT NO2 100 74 (Rg- Ra/ Ra) × 100 [100] 

11 SnS Solvothermal RT NO2 0.1 20 (Ra-Rg)/Ra [101] 

12 CuS Hydrothermal 443  Ethanol 100 5.22 Rg/Ra [102] 

13 Bi2S3 Chemical synthesis RT NH3 200 40 (Ra/Rg) [103] 

14 rGO/MoS2 Layer-by-Layer (LBL) 

self-assembled 

RT Formaldehyde  10 2.8 (ΔR/R)×100 [104] 
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Sr. 

No. 

 

Material 

Method of 

Preparation 

Working 

Temperature 

(K) 

 

Gas 

Gas 

Concentration 

(ppm) 

Sensitivity 

(%) 

Sensitivity 

Definition (%) 

 

Ref. 

15 PbS NCs/ 

rGO 

Hydrothermal RT Methane 

(CH4) 

10000 45 (Rg-Ra)/Ra)×100 [105] 

16 SnS2/rGO Hydrothermal RT NO2 8  50 -- [106] 

17 rGO-MoS2- 

CdS 

Solvothermal  373  NO2 0.2  27 (Rg-Ra)/Ra)×100 [107] 
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1.4 Orientation and Purpose of the Thesis: 

Recently, researchers have concentrated on improving SCs in four key areas: 

SE, SP, cycle life, and cost-effective electrodes. The performance of SCs largely 

depends on having a high surface area and rapid reversible redox reactions. To boost 

SC performance, it is essential to explore new electrode materials that exhibit greater 

conductivity, higher redox potential of cations, and a large surface area with a porous 

electrode structure. 

In the present times, the environment is contaminated with a variety of toxic 

gases, including CO, H2S, CO2, NH3, NO2, CH4, and H2. These gases play a 

significant role in global warming, and climate change and have adverse effects on 

human health. Therefore, there is a pressing need for devices that can detect 

flammable, explosive, and toxic gases early. Gas sensors have been developed to 

effectively monitor the concentration of these harmful gases. Semiconductor-based 

resistive gas sensors are particularly popular for their straightforward construction and 

simple design. These sensors offer a practical and efficient solution for identifying 

hazardous gases, enabling timely responses, and safeguarding the environment and 

human well-being. 

The literature study reveals a diverse range of materials, including REMC, 

carbon materials, and their composites, which have been extensively studied as 

electrode materials for SC fabrication. Recent research trends have shifted towards 

depositing mixed metal chalcogenide or carbon-based composites to achieve 

enhanced SC performance in terms of SE and SP. Notably, the use of REMC 

electrodes has shown promising results, with an expanded operating potential window 

contributing to overall improved SC performance.   

Among the various materials, rGO composite with REMC holds significant 

potential for SC applications, yet it remains relatively unexplored in current research. 

To advance the development of high-performance and efficient SC, there is a critical 

need to create advanced electrode materials that can deliver high Cs while 

simultaneously enhancing SE without compromising SP. To produce this type of 

electrode material, using a simple, cost-effective chemical method is crucial to keep 

SC costs low. CBD and SILAR offer several benefits and are commonly used for 

large-area deposition, which is advantageous for device fabrication. For the 
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preparation of such electrode materials, it is crucial to cost-effective and convenient 

chemical route to ensure the overall affordability of the SC cell.  

The objective of this study to investigation the electrochemical properties of 

Dy2S3, rGO/Dy2S3, Dy2Se3 and rGO/Dy2Se3 electrodes are employed in techniques 

like cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and 

electrochemical impedance spectroscopy (EIS). For these measurements, Dy2S3, 

rGO/Dy2S3, Dy2Se3 and rGO/Dy2Se3 working electrode will be used, with a Saturated 

Calomel Electrode (SCE) as the reference electrode and a platinum sheet as the 

counter electrode. The performance of Dy2S3, rGO/Dy2S3, Dy2Se3 and rGO/Dy2Se3 

thin films will be thoroughly assessed based on various parameters, including Cs, 

electrochemical stability, and equivalent series resistance (Rs). Subsequently, Flexible 

Solid-State Asymmetric Supercapacitors (FSSASCs) devices will be fabricated, and 

their electrochemical performance will be evaluated. The evaluation will involve 

assessing Cs, SE, SP, electrochemical stability, and Rs. Furthermore, the impact of 

device bending on the electrochemical performance of the solid-state devices will be 

studied to assess their applicability in diverse portable electronic devices. This study 

aims to provide valuable insights into the potential practical applications of these 

materials in flexible and portable electronic devices.  

Another sensor application of thin films of Dy2S3 and rGO/Dy2S3 will be 

studied on the exposure of analyte gas at optimized operating temperature. These 

films will be evaluated for their potential applications in gas sensors. The gas sensing 

properties of Dy2S3 and rGO/Dy2S3 films will be investigated using a custom-built 

computer-based gas sensor assembly. Further, the sensitivity, response, and recovery 

time of the sensors will be studied at an optimized operating temperature and a fixed 

concentration of gas. Finally, the selectivity of these films will be determined in the 

presence of other gases to assess their ability to discriminate against different gases. 

By conducting these analyses and evaluations, this study aims to provide valuable 

insights into the gas sensing potential of rGO/Dy2S3 thin films, which could lead to 

their application in various sensors. 
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2.1 General Introduction of Chemical Methods: 

The synthesis of materials is a fundamental aspect of materials science and 

engineering, and it involves combining atoms and molecules to form new materials 

with specific properties. Advances in synthesis techniques have led to the 

development of new materials with unique properties, and the ability to control the 

structure and composition of materials has become increasingly important. 

Sophisticated instruments are used to monitor synthesis reactions and gain 

information on the composition, crystallinity, and contents of hybrid materials. 

Understanding the physical phenomena that underpin materials synthesis, such as 

diffusion, nucleation, and phase transitions, is crucial for developing new methods to 

synthesize materials with desired structure, properties, or behavior, which has 

attracted the attention of academics and scientists around the world [1]. Over the past 

decade, the integration of computer-based simulations using various computational 

methods has complemented traditional preparation techniques in the study of 

materials and material systems across different dimensions.  

There are many application areas of computer simulation in materials science 

including the heat treatment, material microstructure, corrosion and protection, 

casting, and material design areas [2]. During the past decade, computer simulations 

based on a quantum-mechanical description of the interactions between electrons and 

atomic nuclei have strongly influenced the development of materials science. The 

field of computer simulations of materials has grown dramatically in the past few 

decades with new ingenio-us methods and applications [3]. Thin films have emerged 

as the predominant approach in numerous fields for enhancing the physical and 

chemical characteristics of materials. These solid thin films have found extensive 

application in diverse engineering systems, including photovoltaics, sensors, 

transducers, energy storage, electronics, catalysis, and biological applications [4].  

The reliability and performance of these devices are directly influenced by the 

properties of the materials used in their fabrication. Careful control of preparation and 

treatment processes allows for precise modification of thin film properties. A key 

advantage is the ability to manipulate the film thickness, which can range from a few 

nanometers to several micrometers. It is important to note that defining a specific 

threshold below which a film is considered ‘thin’ is challenging, properties of thin 

films can vary significantly from their bulk materials and change with thickness, 
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differing from one material to another, predominantly due to the nanocrystalline 

nature of thin films. This nano crystallinity leads to changes such as reduced density 

and thermal conductivity, increased volume-to-mass ratio, and modified electrical 

conductivity, which are major contributing factors to the unique characteristics of thin 

films. Additionally, the method used for film preparation profoundly influences 

properties such as crystal structure, crystallinity, roughness, morphology, and 

reactivity [5, 6]. 

 

Chart 2.1: General classification of thin film deposition methods. 

Thin film deposition methods fall into two main categories: physical methods, 

such as vacuum evaporation and sputtering, and chemical methods, which include 

chemical vapor deposition (CVD), photo CVD, laser CVD, metal-organic chemical 

vapor deposition (MOCVD), plasma-enhanced CVD, chemical bath deposition 

(CBD), and electrodeposition, successive ionic layer adsorption and reaction 

(SILAR), hydrothermal synthesis, anodization, spin coating, spray pyrolysis, liquid 

phase epitaxy, and sol-gel methods, among others. A general classification of thin film 

deposition methods is presented in Chart 2.1. Physical methods tend to incur higher 

costs due to the requirement for sophisticated instruments capable of creating high 

vacuum and controlled temperature conditions. In contrast, chemical deposition 

methods offer advantages such as simpler instrumentation, cost-effectiveness, 

scalability, lower effective temperatures, the capability to deposit materials on large 

substrates and a broader selection of substrate options [6-8]. The lower working 
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temperatures associated with chemical deposition methods also prevents the oxidation 

of metallic substrates [9]. 

The utilization of thin films to enhance material properties has gained traction 

in various disciplines. Lower working temperatures in thin film deposition provide 

advantages such as the prohibition of oxidation and the exploration of low-

dimensional materials. These films exhibit enhanced physical and chemical properties 

influenced by dimensions, nanocrystalline structure, and deposition methodologies. 

Advanced instrumentation and computational simulations expedite progress, enabling 

comprehensive understanding and material design for diverse applications. Continued 

research in thin films holds promise for further innovations in materials science and 

engineering. 

2.2 Theoretical Background of Chemical Bath Deposition (CBD) Method: 

 

Figure 2.1: Schematic of chemical bath deposition (CBD) method. 

The chemical bath deposition (CBD) method is binder-free, simple, and cost-

effective which offers a cost-effective and straightforward approach to preparation of 

thin films without the need for expensive vacuum systems or specialized equipment. 

In CBD method, there are mainly two reaction mechanisms; one is homogeneous and 

the other is heterogeneous. This method provides a convenient way to adjust 
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preparative parameters to achieve the desired thin film thickness. The reaction 

mechanisms involved in the CBD method for thin film formation with the effect of 

preparative parameters have provided a detailed explanation in previous research 

articles Mane and Lokhande [10]. Furthermore, a various review articles have 

extensively covered chemical approaches to depositing thin films, offering valuable 

insights into the field [10-14].  

2.2.1 Basics and Film Growth in CBD:  

2.2.1. (a) Basics of Nucleation and Growth: 

The CBD is a process for preparing a solid film on a substrate on a single 

immersion through controlling the kinetics of solid formation. This method 

encompasses various stages, including the mass transport of reactants, adsorption onto 

the substrate, surface diffusion, chemical reactions, desorption, nucleation, and 

subsequent growth of the film. Film formation can occur through two distinct 

mechanisms, i.e. ion-by-ion and hydroxide cluster mechanisms independently. In 

practical situations both processes may interact, leading to the formation of nuclei can 

occur by heterogeneous nucleation on the substrate or by homogeneous nucleation in 

the bulk solution respectively. 

I) Ion-by-Ion Growth Mechanism: 

The ion-by-ion mechanism is one of the simplest mechanisms, which involves 

the growth of the film through the reaction of individual atomic species at the 

substrate surface. This process precedes atom by atom or ion by ion, leading to the 

gradual formation of the solid film. For homogenous nucleation requires a high 

degree of saturation. The existence of free particles, along with the presence of a 

surface introduces a degree of heterogeneity that facilitates the nucleation. As a result, 

deposition via the ion-by-ion process predominantly occurs on the substrate or other 

surfaces, rather than yielding as large amount of precipitate, (which is more 

characteristic of the cluster mechanism). Here, the surface acts as a catalyst for 

nucleation. 

II) Hydroxide Cluster Mechanism: 

In cluster mechanism, the aggregation of colloidal particles formed in the 

solution. In this case, the film growth can be done by the clustering of these colloids, 

resulting in a cluster-by-cluster growth pattern. In cluster mechanisms, (also referred 
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as a hydroxide mechanisms), nucleation of the chalcogenide is simplifier because 

there is already a solid phase present. The process takes place through a substitution 

reaction on this existing solid phase. In this instance, the initial stage involves 

depositing and adhesion the hydroxide onto the substrate. Subsequently, this 

hydroxide undergoes a converted into the chalcogenide. 

2.2.1 (b) 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 −                                                                                                  (2.1) 

By the law of mass action to equilibrium condition,                           

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)  

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 the solubility product (SP) and (C+
x. C−

y) is known as the 

ionic product (IP). In case of a 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 [10, 15]. 

2.2.2 Impact of Preparative Parameters: 

Figure 2.1 shows the experimental setup for synthesizing metal chalcogenide 

thin films. The deposition rate and film thickness are influenced by factors such as 

solution supersaturation, stirring rate, and nucleation site density. Growth kinetics are 
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governed by solute concentration and the velocities of the ions in the solution. Here 

the explanations for the synthesis parameters: 

A) pH of the Bath:  

The pH measures the negative logarithm of H+ ion concentration and is 

controlled by a complexing agent. The reaction speed and thin film deposition rate 

depend on supersaturation levels; lower supersaturation slows the formation of MX 

(metal and chalcogenide ions). The generation of numerous X ions from a specific 

anionic source is primarily influenced by the pH of the solution. An increase in bath 

pH results in a reduced rate of X ion formation, consequently slowing down the 

overall formation rate. Conversely, decreasing the pH leads to an elevated 

concentration of X ions, facilitating the formation of a feasible thin film. 

B) Complexing Agent: 

The primary role of a complexing agent is to sequester metal cations and 

avoid the precipitation of the desired material. In the process of forming the thin film, 

the complexing agent gradually releases these cations to interact with the anions 

present in the solution. Nevertheless, if the concentration of the complexing agent is 

elevated, it results in a decrease in the concentration of metal ions. Consequently, this 

reduction in metal ion concentration leads to a decrease in the reaction rate and a 

decrease in precipitation, ultimately resulting in a slower rate of thin film deposition. 

C) Temperature: 

The rate at which the thin film forms is influenced by temperature. As the 

temperature rises, the dissociation rate of complexed anions and cations increases, 

leading to higher concentrations of M+ and X− ions, leading to an accelerated 

deposition rate. However, in certain cases, increasing the temperature can lead to a 

reduction in the thickness of the thin film. For instance, when the solution is 

supersaturated at a lower pH and the temperature is raised, this can cause the 

formation of precipitates, resulting in a thinner film. Conversely, at higher pH values, 

precipitation is significantly reduced due to lower supersaturation levels, and the 

material is more likely to form on the surface of the substrate. Furthermore, 

maintaining a higher pH while raising the temperature provides more M+ and X− ions 

for the formation of MX, leading to the production of thicker films.                                                 

D) Concentration: 
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In this scenario, increasing the X− ion concentration can indeed lead to the 

formation of MX with a greater film thickness. However, it's important to note that if 

the X− ion concentration is raised beyond a certain threshold, it can result in an 

elevated rate of precipitation. This, in turn, leads to a lower quantity of MX forming 

on the surface of the substrate, ultimately resulting in a thinner film. 

E) Substrate: 

The choice of substrate for thin film formation is a crucial factor that 

influences both the thickness of the film and the deposition rate. When the lattice of 

the deposited material matches that of the substrate, there is minimal change in free 

energy. This favorable condition promotes nucleation and facilitates the subsequent 

growth of the film. 

2.2.3 Advantages of CBD Method: 

i) The method is straightforward, cost-effective, and does not require binders, making 

it suitable for large-area film deposition. 

ii) It operates at low or room temperature. 

iii) It is compatible with a variety of substrates. 

iv) The method does not require vacuum conditions or expensive equipment. 

v) Stoichiometric synthesis is ensured as the process relies on ionic rather than atomic 

building blocks. 

vi) It produces uniform, pinhole-free films due to continuous contact between the 

solution and substrates. 

vii) Preparative parameters such as concentration and deposition time can be easily 

controlled to affect film thickness. 

viii) The toxic gases have not evolved. 

2.3 Theoretical Background of Successive Ionic Layer Adsorption and Reaction 

(SILAR) Method: 

It provides theoretical background of the SILAR method. The SILAR method 

is widely used for depositing thin films with precise control over their thickness and 

composition. Understanding the theoretical principles underlying SILAR is essential 

for optimizing the deposition process and achieving desired film properties. 
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2.3.1 Processes Involved in SILAR Method: 

The SILAR method consists of several distinct processes that occur during the 

deposition of thin films. Figure 2.2 shows the schematic of four beaker SILAR 

method. These processes are elaborated as follows: 

2.3.1. (a) Adsorption: 

The initial stage of the SILAR method involves the adsorption of precursor 

ions onto the substrate surface. This process entails submerging the substrate in a 

solution containing the desired metal ions. The precursor ions attach themselves to the 

substrate surface, creating a monolayer of adsorbed species. The adsorption process is 

influenced by various factors, such as solution concentration, temperature, pH, and 

the properties of the substrate itself. During adsorption, the precursor ions interact 

through different mechanisms, including electrostatic interactions, coordination 

bonding, or chemical reactions. The adsorption step in SILAR is of utmost 

importance as it provides the foundation for subsequent reactions. It plays a vital role 

in creating the Helmholtz electric double layer on the substrate surface, wherein 

positively charged ions (cations) form the inner layer and counter ions (typically 

anions) form the outer layer. This double layer is crucial for enabling the subsequent 

chemical reactions to occur, ultimately facilitating the growth of the thin film [16]. 

2.3.1. (b) Reaction: 

In the reaction step of SILAR, chemical interactions occur between the 

adsorbed precursor ions and the substrate. The nature of these reactions is determined 

by the specific precursor ions and the substrate material involved. Various processes, 

such as ion-exchange, complexation, redox reactions, or ligand substitution, may take 

place during this stage. The reaction kinetics are influenced by factors like 

temperature, immersion time, and the presence of catalysts or additives. As a result of 

these chemical reactions, the adsorbed species undergo transformation, leading to the 

formation of a solid thin film layer on the substrate surface. This reaction step serves 

as the core of the SILAR method, where the interactions between the adsorbed cations 

and anions occur. The product of these reactions is a solid compound with the specific 

chemical composition, represented by the notation KpAa, where ‘K’ represents the 

cationic species, ‘A’ is the anionic species, and ‘p’ and ‘a’ are the corresponding 

stoichiometric coefficients of each species. 



Chapter 2 

 

  42 

The chemical reactions that occur at the interface between the cations and 

anions are typically irreversible, ensuring the growth of the desired thin film with the 

intended composition and properties. This pivotal reaction step is responsible for the 

successful deposition of thin films using the SILAR method.  

(i) First Rinsing: 

During the first rinsing step, it is essential to remove any loosely adsorbed 

cations from the substrate surface. The rinsing process is critical as it helps in 

achieving a clean and well-prepared substrate, which directly impacts the quality of 

the thin film. Rinsing with double distilled water (DDW) is chosen because of its high 

purity and low chemical reactivity, ensuring minimal interference with the deposition 

process. 

(ii) Second Rinsing: 

After the reaction step, the substrate may still contain unreacted, excess 

species, and secondary products of the reaction. These need to be removed to ensure a 

pure and uniform thin film. The second rinsing step, similar to the first rinsing, 

involves using DDW  to wash away any residual species and by-products, which 

could otherwise interfere with the thin film's properties. 

2.3.1. (c) Layer-by-Layer Growth: 

The layer-by-layer growth mechanism is a fundamental characteristic of 

SILAR, enabling precise control over the film thickness and composition. The 

repeated cycles of immersion and reaction lead to the sequential deposition of 

additional layers onto the growing film. This growth mechanism allows for the 

precise control of film properties by adjusting the number of cycles and the duration 

of each step. The layer-by-layer growth can be achieved by carefully controlling the 

precursor solution concentration, immersion time, reaction conditions, and the 

diffusion of precursor species.  

2.3.2 Impact of Preparative Parameters: 

Various preparative parameters significantly influence the SILAR deposition 

process and the properties of the resulting thin films. The effect of these parameters is 

discussed as follows: 
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2.3.2. (a) Precursor Solution: 

The choice of precursor solution in SILAR significantly influences the film 

composition and properties. The precursor solution provides the source of the desired 

metal ions or molecular species for the deposition process. Factors such as precursor 

concentration, pH, and the presence of complexing agents can affect the adsorption 

and reaction behavior. Optimal precursor solution design is essential to control film 

composition, stoichiometry, and functionality. By carefully selecting and optimizing 

the precursor solution, researchers can achieve tailored film properties, such as 

specific elemental ratios, desired chemical functionalities, or specific dopants. 

 

Figure 2.2: Schematic of four beakers SILAR method. 

(i) Concentration of Precursors: 

The concentration of the precursor solutions is a critical parameter affecting 

the growth rate and film characteristics. Higher concentrations of cationic precursors 

can lead to thicker films, while higher concentrations of anionic precursors may 

promote faster reaction rates but could also result in larger particle sizes. Therefore, 

finding the optimal concentration for both cations and anions is crucial for obtaining 

the desired film properties. 
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(ii) pH: 

The pH of the precursor solutions plays a significant role in controlling the 

deposition process. It can influence the surface charge of the substrate and the 

reactivity of the ions. Maintaining the appropriate pH is vital for ensuring proper 

adsorption and reaction rates, and it is often adjusted using a suitable complexing 

agent. 

(iii) Complexing Agent: 

Complexing agents are essential additives used to control the concentration of 

metal ions in the precursor solution. They form coordination complexes with metal 

ions, stabilizing them and preventing premature precipitation. The choice of 

complexing agent and its concentration can influence the reaction rate, deposition 

efficiency, and film characteristics. 

2.3.2. (b) Immersion Time: 

The immersion time, representing the duration of immersion in each precursor 

solution, plays a crucial role in SILAR film growth. Longer immersion times 

generally lead to thicker films, as more precursor species are adsorbed and reacted. 

However, there is an optimum immersion time for achieving the desired film 

properties. Prolonged immersion times may lead to undesired effects, such as 

increased roughness or poor film quality. Optimizing the immersion time is crucial to 

control film thickness, ensure good film morphology, and achieve the desired film 

characteristics. 

2.3.2. (c) Temperature: 

The deposition temperature is a critical parameter in SILAR, affecting the 

reaction kinetics and film properties. Higher temperatures generally accelerate the 

reaction rate, facilitating faster film growth. However, elevated temperatures may also 

introduce other effects, such as enhanced diffusion, increased surface mobility, phase 

transformations, which can impact on film structure and properties. The choice of 

deposition temperature depends on the specific precursor system, substrate material, 

and desired film properties. Optimizing the deposition temperature allows researchers 

to balance the desired reaction kinetics with the prevention of undesired thermal 

effects, leading to films with desired properties. 
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2.3.2. (d) Additives and Surface Modification: 

Additives and surface modifications can significantly influence the SILAR 

deposition process and resulting film properties. The addition of specific additives, 

such as surfactants or complexing agents, can help control the nucleation and growth 

of individual layers. These additives can improve the film uniformity, enhance 

adhesion to the substrate, or modify the crystalline structure. Surface modifications, 

such as functionalization or pre-treatments, can alter the surface energy, chemical 

reactivity, or binding sites, affecting the adsorption and reaction behavior during 

SILAR. By carefully selecting and utilizing additives and surface modifications, 

researchers can enhance the SILAR process and tailor the film properties to meet 

specific application requirements [17]. 

2.3.3 Advantages of SILAR Method: 

The SILAR method offers several advantages for thin film deposition. These 

advantages are discussed as follows: 

2.3.3. (a) Controlled Film Growth: 

One of the significant advantages of the SILAR method is the ability to 

achieve precise control over film growth. The layer-by-layer deposition mechanism 

allows for the control of film thickness at the atomic or molecular level. This control 

is crucial for various applications where specific film characteristics, such as 

thickness uniformity, crystallinity, or elemental composition, are desired. By precisely 

tuning the deposition parameters and the number of SILAR cycles, researchers can 

tailor the film properties to meet specific application requirements. 

2.3.3. (b) Compatibility with Various Substrates: 

The SILAR method exhibits compatibility with a wide range of substrates, 

making it versatile for different applications. It can be used with diverse substrate 

materials, including metals, metal oxides, semiconductors, polymers, and even 

flexible or temperature-sensitive substrates. The ability to operate at relatively low 

temperatures allows for the deposition on substrates that cannot withstand high-

temperature processes. This compatibility with various substrates expands the 

potential applications of SILAR in fields such as electronics, optoelectronics, energy 

storage, and catalysis. 
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2.3.3. (c) Scalability and Cost-Effectiveness: 

SILAR is considered a relatively simple and cost-effective deposition method. 

The sequential nature of the process, involving alternating immersion and reaction 

steps, allows for straightforward implementation on both laboratory and industrial 

scales. The method does not require complex equipment or specialized infrastructure, 

contributing to its cost-effectiveness. The scalability of SILAR makes it attractive for 

large-scale production, where cost and efficiency are critical considerations. The 

ability to produce high-quality thin films at a reasonable cost makes SILAR a 

promising deposition method for industrial applications. 

This chapter provided a comprehensive theoretical background of the SILAR 

method, including the processes involved, advantages offered, and the influence of 

preparative parameters. Understanding these theoretical aspects are essential for 

optimizing SILAR and tailoring thin film properties for specific applications. By 

carefully adjusting these preparative parameters, researchers can tailor the SILAR 

method to deposit thin films with precise characteristics, making it a versatile and 

valuable technique for various applications in material science and engineering. 

2.4 Thin Film Characterization Techniques: 

2.4.1 Physico-Chemical Characterization Techniques: 

The electrochemical properties of thin films are strongly linked to their 

physicochemical properties, including crystal structure, specific surface area, surface 

texture, conductivity, and elemental composition. As a result, thorough 

characterization of these materials using various procedures and specified analysis of 

the results to understanding the relationships between various properties is essential 

for research. This analysis aids in the selection of appropriate materials for specific 

applications and facilitates the examination of material modifications. In the present 

study, the thin film electrodes were subjected to different material characterization 

techniques to gain comprehensive insights into their properties. 

2.4.2 X-ray Diffraction (XRD): 

X-ray diffraction (XRD) is a fundamental, well-established, and widely used 

nondestructive characterization technique in materials science. It provides valuable 

information about the atomic-scale structure of various substances in different states 

[18]. The technique provides perceptions into atomic-scale structures, unit cell 
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dimensions, crystallite size, lattice strain, chemical composition, ordering, and phase 

diagrams. 

Working of the Instrument: 

The X-ray diffractometer consists of a monochromatic X-ray source, a 

specimen holder, and an X-ray detector. The X-ray generator, or cathode ray tube, 

includes a cathode, monochromator, and target material in a vacuum. Electrons from 

the heated cathode are accelerated toward the target material (e.g., Cu, Fe, Mo, or Cr), 

causing emission of characteristic radiation when inner shell electrons are ejected. 

This radiation is filtered to produce monochromatic X-rays, such as CuKα = 1.5418 Å 

for copper. These X-rays are directed at the specimen, and diffraction peaks are 

recorded as the specimen and detector rotate.  

 

Figure 2.3: Photograph of Rigaku MiniFlex600 diffractometer. 

The crystal structure of a sample can be determined using the Laue, rotating 

crystal, or powder methods. For the simple analysis of samples crystal structure, the 

powder method is commonly used. The Laue method, on the other hand, is the oldest 

used to determine crystal structures, employing a continuous spectrum of X-rays with 

a fixed angle of incidence. This method provides faster diffraction results and is 

useful for observing dynamic processes in crystal structures. The rotating crystal 

method uses a monochromatic X-ray beam and rotates the sample at a constant speed, 

while the powder method keeps the wavelength fixed and varies the angle of 

incidence. 
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One important application of XRD, especially with nanocrystals, is the 

estimation of crystal dimensions using the Scherrer relationship [19]: 

D = kλ/βcosθ         (2.6) 

Here, β represents the full width at half maximum (FWHM) of the diffraction 

peak, and θ is the peak position in radians. In this study, XRD patterns of the thin film 

electrodes were obtained using a RIGAKU MiniFlex600 diffractometer with Cu Kα 

radiation (λ = 1.5406 Å) at 30 kV in θ/2θ mode. The photograph of the Rigaku 

MiniFlex600 diffractometer is shown in Figure 2.3. 

2.4.3 Fourier Transform Infrared Spectroscopy (FT-IR): 

Fourier Transform Infrared Spectroscopy (FT-IR) is a powerful technique 

used to obtain qualitative information about the chemical bonding in materials. This 

nondestructive analysis method can be applied to study solids, liquids, and gases. The 

name "Fourier Transform Infra-red" reflects how data is collected and converted from 

an interference pattern to a spectrum. 

Working Principle: 

Molecular bonds in materials vibrate at specific frequencies depending on the 

type of bond and the elements involved in the bonding. According to quantum 

mechanics, these frequencies correspond to the ground state and various excited states 

of the molecules. When these bonds absorb light energy at specific frequencies, they 

become excited to higher energy states. The absorbed wavelength corresponds to the 

characteristics of the chemical bond and can be observed in the spectrum. The mid-

infrared region, which FT-IR analyzes, typically ranges from 4000 to 200 cm-1. 

The FT-IR instrument incorporates a Michelson interferometer, as shown in Figure 

2.4 [20]. The interferometer splits the incoming infrared light into two beams, one of 

which is directed towards a stationary mirror and the other towards a moving mirror. 

The beams are then reflected and recombined, resulting in an interference pattern. 

Working of the Instrument: 

A standard FT-IR spectrometer comprises a source, interferometer, sample 

compartment, detector, amplifier, A/D converter, and a computer. Figure 2.5 (a) 

shows a photograph of the ALPHA II compact FT-IR spectrometer, and Figure 2.5 

(b) illustrates the basic ray diagram of the FT-IR system. The IR spectrum is a graph 
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of the substance's infrared light absorbance on the vertical axis and the frequency 

(wavenumber) on the horizontal axis. 

 

Figure 2.4: Basic schematic of FT-IR with Michelson interferometer. 

Various materials, such as silicon carbide rod, nichrome and kanthal wire 

coils, Nernst glowers, and carbon arcs, can serve as sources of IR radiation. 

 

Figure 2.5: a) Photograph of ALPHA II compact FT-IR spectrometer [21], and b) the 

basic ray diagram of FT-IR system [22].  

The FT-IR instruments sample compartment requires the sample to be thin 

enough for the IR radiations to pass through it. This advantage of FT-IR analysis 

allows for the use of very small sample quantities. When the IR radiation passes 

through the sample, some of it is absorbed by the sample, while the rest is transmitted. 

The detectors used in FT-IR instruments can be thermal or quantum detectors. 

Thermal detectors measure received light as heat, while quantum detectors measure it 
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as light, making them highly sensitive. The acquired data, represented in terms of 

intensities, are then processed through Fourier transform and plotted against 

wavenumber. For analysis purposes, the observed data is compared with available 

reference patterns. Each molecular structure yields a unique infrared spectrum, 

making infrared spectroscopy useful for a variety of analyses. 

Using FT-IR spectroscopy, the following information can be obtained [23]: 

• Identification of unknown materials. 

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

• Quantification of the amount of components in a mixture. 

In the present study, the FT-IR spectra of the synthesized materials were 

recorded using the ALPHA II interferometer with a diode laser as an IR source. This 

technique allows for a detailed examination of the chemical bonding in the thin film 

materials under investigation. 

2.4.4 Raman Spectroscopy: 

Raman spectroscopy is a versatile and non-destructive technique used for 

rapid analysis of both organic and inorganic materials [24]. It relies on the interaction 

of light with the material to reveal information about its molecular characteristics, 

including rotational, vibrational, and low-frequency modes [25]. 

Working Principle: 

Raman scattering involves a two-photon process where monochromatic light 

interacts with electrons in the sample. Electrons, with distinct vibrational levels and 

energy differences absorb energy from the incident photon and transition to a higher 

energy state. As the electron returns to its initial state, it loses energy and emits a 

secondary photon. In some cases, the electron can fall back to a different vibrational 

level, resulting in the emitted photon having a different energy than the incident 

photon. This phenomenon is known as Raman scattering. 

A standard Raman spectrometer consists of three primary components: an 

excitation source, a sampling apparatus, and a detector. Figure 2.6 shows the basic 

block diagram of a Raman spectrometer. The excitation source used in Raman 

spectroscopy is typically a monochromatic laser with stable and narrow bandwidth 

characteristics. To minimize fluorescence in organic molecules, it is essential to shift 
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the laser wavelength into the near-infrared region without exceeding charge coupled 

devices (CCD) spectral detection limits. For this purpose, 785 nm diode lasers are 

commonly preferred. For samples with strong fluorescence or high color intensity, a 

1064 nm laser is a better choice. On the other hand, for inorganic molecules, a 532 nm 

laser offers increased sensitivity [26]. 

The sample interface of the spectrometer often uses a fiber optic probe, 

offering flexibility for measuring solid samples and immersing in liquids or slurries. 

This probe can also be connected to microscopes and cuvette holders. The 

spectrometer should be compact, high-resolution, energy-efficient, and low-noise to 

detect weak Raman scattering [27]. CCDs are commonly used as detectors, with 

back-thinned CCDs enhancing sensitivity for low concentrations or weak scattering 

[28, 29]. 

 

Figure 2.6: The basic block diagram of Raman spectrometer [30]. 

Raman spectroscopy serves as an invaluable tool for studying the vibrational 

properties and molecular structure of materials, aiding in diverse fields such as 

materials science, chemistry, pharmaceuticals, and biomedical research. Its 

nondestructive nature and ability to provide detailed molecular information make it a 

preferred technique for various analytical applications. 

2.4.5 Field Emission Scanning Electron Microscopy (FE-SEM): 

Field emission scanning electron microscopy (FE-SEM) is a prominent 

instrument used for high-resolution analysis of surface microstructures. Unlike 

traditional optical microscopes that use photons, FE-SEM employs electrons for 

imaging. These electrons are emitted by a field emission source. FE-SEM enables the 
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visualization of topographical and elemental information at magnifications ranging 

from 10X to 300,000X, with unlimited depth of field. 

Working Principle: 

FE-SEM images a sample surface by scanning it with a high-energy electron 

beam. The primary electrons, generated by a field emission source, are accelerated in 

an electric field and then focused into a narrow beam using electromagnetic lenses. 

This focused beam strikes the sample, resulting in various interactions with the atoms 

within the sample. One such interaction is the emission of secondary electrons from 

the sample surface. These secondary electrons carry valuable information about the 

sample's surface topography and composition. The detector converts these electrons 

into an electric signal, which is then amplified and turned into an image. 

Working of the Instrument: 

The FE-SEM instrument consists of an electron gun, an anode, magnetic 

lenses, a sample holder, and a detector, as shown in Figure 2.7 (a). It is set up on a 

desk and requires vacuum conditions to operate. The column chamber valve remains 

closed until the desired pressure is reached, after which nitrogen gas is introduced. 

For effective FE-SEM analysis, samples must be conductive. Thus, they are coated 

with a thin layer of conductive metal such as gold or platinum to prevent charging, 

reduce thermal damage, and enhance the signal-to-noise ratio [31]. 

In FE-SEM, high-energy electrons are produced by a tungsten filament placed 

at a sharp point within a strong electrical potential gradient (cathode). The voltage 

difference between the anode and cathode accelerates these electrons towards the 

sample, with voltages typically ranging from 0.5 to 30 kV, and a high vacuum (~10-6 

Pa) is maintained in the microscope column. Electromagnetic lenses focus the 

electron beam into a sharp spot, with the condenser lens controlling magnification and 

the objective lens focusing the beam on the specimen. The objective lens includes 

both electromagnetic and electrostatic components. A deflection system with scan 

coils moves the beam in a point-to-point scan. When the beam hits the sample, it 

interacts with sample atoms, scattering electrons and interacting at various depths 

[32].  

The extent of scattering and interaction volume depends on factors such as the 

atomic number, concentration of sample atoms, and the energy of primary electrons. 
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The detector collects and separates signals by energy, using backscattered and 

secondary electrons to form and amplify the sample image. When primary electrons 

strike inner shell electrons, they eject them and cause electrons from higher energy 

levels to fall to lower ones, emitting characteristic X-rays. Energy-dispersive X-ray 

spectroscopy (EDAX), integrated with FE-SEM, uses these X-rays to analyze the 

sample's elemental composition. A photo of the FE-SEM instrument is shown in 

Figure 2.7 (b) [33]. 

This study used the Philips SEMXL30S with EDAX for analysis. This 

advanced analytical technique allows for high-resolution imaging and precise 

elemental identification, providing valuable insights into the microstructure and 

composition of the materials under investigation. 

 

Figure 2.7: a) Schematic of FE-SEM, and b) photograph of FE-SEM instrument. 

2.4.6 X-ray Photoelectron Spectroscopy (XPS): 

X-ray photoelectron spectroscopy (XPS) is a key analytical method used to 

examine the surface composition and oxidation states of elements in materials XPS 

provides valuable insights into the top 1-10 nm depth of the sample being analyzed. 

The basis of XPS lies in the photoelectric effect, as described by Einstein, where 

electromagnetic radiation, in this case X-rays, interacts with a material, causing the 

emission of electrons known as photoelectrons. Figure 2.8 shows the schematic 

diagram of an XPS instrument. 

Working Principle:   

When an incident X-rays possess sufficient energy, they are absorbed by 

atoms in the material, leading to the ejection of an inner shell electron. The kinetic 
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energy of the emitted photoelectrons is measured, and the binding energy can be 

determined using the known energy of the incident X-rays and the formula: 

E𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = E𝑝ℎ𝑜𝑡𝑜𝑛 − (E𝑘𝑖𝑛𝑒𝑡𝑖𝑐 + 𝜑)      (2.7) 

where 𝜑represents the work function of the element. By examining the photoelectron 

counts versus binding energy, one can identify the sample's composition and the 

oxidation states of its elements. 

Working of the Instrument: 

 

Figure 2.8: Schematic diagram of an XPS instrument [34]. 

 In XPS, X-rays, often MgKα or AlKα, are generated and monochromatized 

using a monochromator in a high vacuum environment. These monochromatic X-rays 

are directed onto the sample's surface, exciting the electrons within the atoms. The 

resulting photoelectrons are then detected by an electron detector, which measures 

both their incoming count and kinetic energy. The kinetic energy data is presented as 

a spectrum, where specific energy peaks correspond to the elements present in the 

sample. The Thermo Fisher Scientific K-alpha XPS system from the UK is used in the 

present study. 

The XPS is a valuable tool for characterizing surface chemistry and elemental 

states in various materials. Its high sensitivity and ability to probe the top atomic 

layers make it particularly useful in understanding surface phenomena, material 

modifications, and interfacial properties. 
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2.4.7 Contact Angle Measurement: 

Contact angle measurement is a crucial technique employed to assess the 

contact angle and surface wettability of thin film surfaces. It provides valuable 

information about the ability of a material to interact with liquids and can even be 

used to calculate surface free energy. Wettability refers to how well a liquid spreads 

on the surface of a material. Figure 2.9 (a) displays a photograph of the Rame-Hart 

NRL contact angle meter and Figure 2.9 (b) shows contact angle image of a liquid 

sample on a solid thin film surface. 

 

Figure 2.9: a) Photograph of Rame-Hart NRL contact angle meter [35], and b) 

contact angle of a liquid in contact with solid sample. 

The contact angle measures the angle between the solid surface and the 

tangent to the liquid surface. Angles greater than 90° indicate a hydrophobic, less 

wettable surface, with superhydrophobic surfaces exhibiting angles above 170° [36]. 

Conversely, angles less than 90° denote a hydrophilic, more wettable surface, with 

superhydrophilic surfaces showing angles below 5°. Various methods are employed to 

measure the contact angle. When the solid, liquid, and vapor phases reach 

equilibrium, the net force becomes zero. The contact angle (θ) can be determined 

using Young's relation [37]: 

𝛾𝑠,𝑣 =  𝛾𝑠,𝑙 +  𝛾𝑙,𝑣 𝑐𝑜𝑠𝜃                 (2.8) 

where γsv is the solid-vapor interfacial energy, γsl is the solid-liquid interfacial energy, 

and γlv is the liquid-vapor interfacial energy. 

In the present study, contact angle images of the deposited thin film electrodes 

are recorded using the Rame-Hart goniometer (model 260). This contact angle 

measurement helps to understanding the wetting behavior and surface properties of 

the thin film samples, providing essential insights for material characterization and 

applications. 



Chapter 2 

 

  56 

2.4.8 Brunauer-Emmett-Teller (BET) Analysis: 

The Brunauer-Emmett-Teller (BET) analysis is a valuable technique used to 

determine the specific surface area of thin film materials based on the physical 

adsorption of a gas onto their surfaces. By measuring the amount of adsorbate gas, 

one can obtain information about the surface porosity and particle size. Typically, 

nitrogen gas is employed for BET measurements [38]. 

Working Principle: 

The BET analysis involves the adsorption of gas on the specimen's surface as 

well as within its pores. The pore size structure of the sample is assessed by 

measuring the volume of gas adsorbed at various pressures. This is done using 

gravimetric or volumetric methods to obtain the adsorption isotherm. In these 

methods, the adsorbent is maintained at a constant temperature close to the 

adsorptive's boiling point. The pressure of the adsorptive is gradually increased and 

held steady for a set period to allow for adsorption and temperature equilibrium. The 

isotherm, which is a plot of the amount of gas adsorbed versus the adsorptive 

pressure, provides valuable insights into the adsorption behavior. Figure 2.10 shows 

the schematically depicts the dynamic flow method apparatus used for the volumetric 

method. 

The BET analysis is classified into six types of isotherms, each corresponding 

to specific material and adsorbate interactions. Type I isotherms are observed in 

materials with very small pores, where either chemisorption or physisorption occurs. 

Type II isotherms indicate nonporous or macroporous materials with high adsorption 

energy, while Type III signifies low adsorption energy. Type IV isotherms are 

associated with mesoporous materials with high adsorption energy, and Type V 

reflects those with low energy. Type VI isotherms can result from various factors, 

including different pore sizes. The evaluation of specific surface area (As) is based on 

the cross-sectional area of the adsorbate molecule (a) and the number of moles of 

adsorbate in a monolayer (nm), given by the formula:  

 As = nm NAa             (2.9)  

where 𝑎 = (𝑀/𝜌)2/3  𝑁𝐴
1/3

, M is the molar mass (g mol–1), ρ is the liquid density 

(gm–3), and NA is Avogadro’s number (6.022×10-23 mol–1).  
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Working of the Instrument: 

 The BET analysis can be performed using either the volumetric or 

gravimetric method. In both methods, adsorption is performed at temperatures and 

pressures slightly below the gas's boiling point. The amount of gas adsorbed at 

different pressures is measured, which helps determine surface area, adsorption 

strength, and porosity.  

 

Figure 2.10 Schematically depicts the dynamic flow method apparatus used for the 

volumetric method [39]. 

To determine the total surface area (ST) and specific surface area (SB), the 

following equations are utilized: 

𝑆𝑇 =  
𝑣𝑚𝑁𝑠

𝑉
                        (𝟐. 𝟏𝟎),    and               𝑆𝐵 =  

𝑆𝑇

𝑎
                   (2.11)            

where S is the adsorption cross-section of the adsorbing species, N is 

Avogadro's number, 𝑣𝑚 is the molar volume of the adsorbate gas, and m is the mass 

of the adsorbent [40]. The BET analysis is a valuable tool for understanding the 

surface characteristics of thin film materials, and it aids in various applications in 

fields such as materials science, chemistry, and nanotechnology. 

2.5 Electrochemical Characterization Techniques: 

The need for diverse electrical energy storage devices, tailored for specific 

applications such as wearable electronics, portable devices, and healthcare systems, 

has sparked increased interest in electrochemical energy storage among the scientific 
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community. Figure 1.1, depicting the Ragone plot, illustrates the high specific energy 

(SE) of fuel cells and the higher specific power (SP) of capacitors compared to 

batteries and supercapacitors (SCs). SCs, also known as ultracapacitors, serve as a 

bridge between fuel cells and capacitors, attracting global research interest due to 

their versatility in electrode materials, electrolytes, and design possibilities for various 

fields such as aerospace, medical, military, and transportation [41]. 

The SCs are classified based on charge storage mechanism, configuration, and 

physical state of electrolyte. Electrode materials are categorized into EDLCs (non-

Faradic mechanism), pseudocapacitors (Faradic mechanism), and battery-type SCs. 

Supercapacitors are further classified as symmetric or asymmetric by configuration, 

and as liquid-state or solid-state by electrolyte type [42]. A typical SCs setup includes 

two conductive electrodes separated by a porous membrane and immersed in an 

electrolyte. Key parameters for evaluating SCs specific capacitance (Cs), specific 

capacity (C), and areal capacitance (Ca) are measured using cyclic voltammetry (CV) 

and galvanostatic charge-discharge (GCD) techniques. Such devices are characterized 

by the following relationships: 

Specific capacitance (𝐶s) =
1

𝑚 ʋ ∆𝑉
∫ 𝐼(𝑉)𝑑𝑉

𝑉2

𝑉1
       (CV study)   (2.12)  

Areal capacitance (𝐶𝑎) =
1

𝑎ʋ ∆𝑉
∫ 𝐼(𝑉)𝑑𝑉

𝑉2

𝑉1
            (CV study)    (2.13)  

Cs =
I ×t

m× ∆V
                                                                (GCD study)               (2.14)   

𝐶𝑎 =
𝐼×𝑡

𝑎× ∆𝑉 
                                                                (GCD study)                 (2.15)   

Specific capacity (𝐶)  =  
𝐶s × ∆𝑉 

3600
        (2.16)  

where  ∫ 𝐼(𝑉)𝑑𝑉
𝑉2

𝑉1
 represents the area enclosed in the cyclic voltammetry 

(CV) curve, m (g) is the mass of the material deposited on both electrodes, ʋ (V s-1) is 

the potential scan rate, ∆𝑉 (V) is the operational potential window, and I (A) is the 

current response, a (cm2) is the area of the SC. Furthermore, the SE and SP of the SC 

are calculated using the Equations (1.4) and (1.5), respectively. To achieve higher SE 

and SP values, the SC must operate at higher working voltages and possess a high 

specific capacitance (Cs) with lower interfacial resistance. However, Cs and working 

voltage are influenced by the combination of electrode materials and electrolytes used 

in SC fabrication [43].  
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Typically, EDLC-type materials can function up to 1 V with water-based 

electrolytes, but this potential window can be extended to 2.5 V or even 3.0 V with 

organic electrolytes. In EDLCs, the electric charge is stored in the electric double 

layer formed at the interface between the electrically conducting electrode and the 

ionically conducting electrolyte. The charge storage capacity in EDLC-type 

supercapacitors, as illustrated in Figure 2.11 (a), can be expressed as: 

 Es1 + Es2 + K+ + A- ↔ Es1
-//K+ + Es2

+//A-                (2.17)  

Where Es1 and Es2 represent the specific surface areas of the negative and 

positive electrodes, respectively. The ‘//’ notation signifies the electric double layer, 

where charges accumulate on each side, with K＋ and A－ representing the cations and 

anions in the electrolyte. The charging and discharging of EDLCs are due to 

adsorption and desorption processes, without any charge transfer occurring at the 

interface. Since the active electrodes remain chemically inert, this process is 

categorized as non-Faradaic. The electric charge storage in EDLCs involves the 

formation of an electric double layer at the interface between electrically conducting 

electrodes and ionically conducting electrolytes, as shown in Figure 2.11 (a). This 

process is known as non-Faradaic, involves adsorption and desorption of charges, 

with no charge transfer occurring around the interface [44]. 

 

Figure 2.11: Schematic of charge-storage mechanisms for a) an EDLC [45] and (b−d) 

different types of pseudocapacitive electrodes: b) surface redox pseudocapacitor, c) 

intercalation pseudocapacitor, and d) battery-type Faradaic reaction [46]. 

In contrast, pseudocapacitors exhibit fast and reversible redox reactions, 

resulting in double-layer capacitance and pseudocapacitance. Charge storage in 

pseudocapacitors is due to Faradaic reactions at the electrode-electrolyte interface, as 

depicted in Figure 2.11 (b-d). Pseudocapacitance is dependent on applied potential 
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and involves charge accumulation on the electrode surface and redox reactions within 

the bulk of the electrode material [47]. To fully assess the electrochemical properties 

of electrode materials, techniques such as CV, GCD, and EIS are essential. 

Comprehensive electrochemical characterization is critical for effectively utilizing 

thin films as active electrodes in SC devices. 

2.5.1 Cyclic Voltammetry (CV): 

 Cyclic voltammetry (CV) is a highly informative and fundamental 

characterization technique that provides valuable insights into the thermodynamic and 

kinetic aspects of many chemical systems. It serves as a powerful tool to study the 

electroactivity of electrodes in various electrolytes. The process involves a linear scan 

of voltage, and the scan direction is reversed at specific potentials, giving rise to 

"reversal linear scan voltammetry," commonly known as CV. For conducting CV 

measurements, a stationary electrode with an area of 1 cm2 is immersed in the 

electrolyte solution. Using a three-electrode system is beneficial because it reduces 

the ohmic resistance of the electrodes. In this setup, the potential is applied between 

the working and reference electrodes, while the current is measured between the 

working and counter electrodes. 

 

Figure 2.12: The typical cyclic voltammogram for a reversible single electron 

transfer reaction [48]. 

During a CV measurement, the potential is varied within a specified range. 

Once the maximum potential is reached, the scan direction reverses, returning to the 

minimum potential. Figure 2.12 shows a typical CV curve for a reversible single-

electron transfer reaction between the potential limits V2 and V1.  
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The cathodic peak current (Ipc) and anodic peak current (Ipa) correspond to the 

cathodic and anodic peak voltages (Epc and Epa) of the electrode material. Selecting 

appropriate potential limits is essential for accurate characterization of oxidation and 

reduction processes. CV is extensively used in fields such as metal-ligand 

interactions, solid and solution analyses, polymer studies, and biological systems, 

including enzyme reactions [49-54]. 

2.5.2 Galvanostatic Charge-Discharge (GCD):  

The galvanostatic charge-discharge (GCD) technique involves the application 

of a constant current to the working electrodes potential is monitored relative to the 

reference electrode over time. Initially, there is a sudden change in potential due to the 

potential drop, followed by a gradual change in potential. Figure 2.13 shows the 

charge-discharge curve of a SC, which is influenced by the depletion of reactants at 

the electrode surface [55, 56]. 

         

            Figure 2.13: Charge discharge curves of a SC [57]. 

During discharge, potential drop from solution and interfacial resistance can 

be adjusted with a constant potential offset. Examining the charge-discharge curve 

reveals the charge storage mechanism. A symmetric curve typically indicates charge 

storage via the EDLC mechanism. Figure 2.14 shows the representative shapes of 

GCD curves: a) EDLC, b) surface redox capacitance, c) intercalation capacitance, and 

d) Faradic battery-type. Conversely, deviations from symmetry suggest charge storage 

through the pseudocapacitive mechanism [58, 59]. Additionally, GCD analysis plays a 

crucial role in determining the Specific Energy (SE) and Specific Power (SP) of the 

SC. 
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Figure 2.14: Representative shapes of GCD curves: a) EDLC, b) surface redox 

capacitance, c) intercalation capacitance, and d) Faradic battery-type [60]. 

2.5.3 Electrochemical Impedance Spectroscopy (EIS): 

The EIS is a technique used to study the charge storage mechanism at an 

electrode-electrolyte interface and is also known as AC impedance spectroscopy. EIS 

is advantageous as it covers a wide range of frequencies, enabling accurate 

determination of resistances at the electrode-electrolyte interface. In this method, a 

small AC signal (5 to 10 mV) is applied across the SC cell over a frequency range 

from 1 mHz to 1 MHz. The current response is measured, and the Nyquist plot is 

generated by plotting imaginary impedance against real impedance [61, 62]. 

The EIS technique is useful in recording frequency-independent and 

dependent resistive parameters of the system. If is the input sinusoidal voltage and is 

its output response   𝑉 (𝜔) = 𝑉0 sin 𝜔𝑡 and  𝐼 (𝜔) =  𝐼0 sin(𝜔𝑡 +  ∅), then the 

impedance of the electrode material is given by: 

𝑍 (𝜔) =  
𝑉 (𝜔)

𝐼 (𝜔)
=  

𝑉0 sin(𝜔𝑡)

𝐼0 sin(𝜔𝑡+ ∅)
=  𝑍0

sin(𝜔𝑡)

sin(𝜔𝑡+ ∅)
     (2.18) 

Impedance is characterized by its magnitude Z0 and phase shift (φ). In the 

Nyquist plot, impedance is represented by its real and imaginary components, as 

illustrated in Figure 2.15. The inset shows a typical equivalent circuit (Randles cell) 

related to the Nyquist plot. In the Nyquist plot, Rct represents the charge transfer 

resistance (Figure 2.15), and the transfer of charges is determined by actors such as 

kinetics, temperature, concentration, and potential of reaction products affect 

impedance measurements. In a Nyquist plot, the solution resistance (Rs) is generally 

small and the plot intercepts close to the origin of the Zre-axis.  

However, due to inherent internal resistance, the Nyquist plot's first intercept 

on the Zre-axis is slightly positive, representing the equivalent Rs, which is in series 

with the charge transfer resistance (Rct) (Figure 2.16 (a)). Additionally, in the lower 
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frequency region, indicated by the straight line in Figure 2.16 (b), there is a resistance 

offered to the diffusion of electrolyte ions, known as Warburg impedance (W), which 

is added to the equivalent circuit in series with Rct. The W is smaller at higher 

frequencies because the diffusing reactant does not need to travel a long distance [63]. 

 

Figure 2.15: Nyquist plot with electrical equivalent circuit consisting charge Rct in 

parallel with C [64].  

Using EIS, the capacitance as a function of frequency can be evaluated. At 

low frequencies, a supercapacitor behaves like a pure resistor, while at high 

frequencies, it acts as a pure capacitor. In the intermediate frequency range, both the 

physical and morphological characteristics of the electroactive material affect the 

capacitance, resulting in a combination of resistive and capacitive behavior. The data 

are then analyzed and fitted using various interface parameters and algorithms. 

𝑉 (𝑤) = 𝑉0 𝑒(𝑖𝑤𝑡)        (2.19) 

𝐼 (𝑤) = 𝐼0 𝑒
(𝑖𝑤𝑡−∅)        (2.20) 

The complex quantity is written as,  

𝑍 (𝑤) = 𝑍0 𝑒𝑖∅ =  𝑍0𝑒(𝑐𝑜𝑠∅ + 𝑖 𝑠𝑖𝑛∅)      (2.21) 

The expression for Z (ω) is represented by its real and imaginary components: 
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The ZIVE MP1 electrochemical workstation was used to conduct all the tests 

in section 2.5. Data collected from these tests were analyzed to determine properties 

like Cs, SE, SP, Rs, and Rct. EIS measurements were taken with a 10 mV potential 

amplitude and a frequency range of 0.1 MHz to 0.01 Hz [65]. While maintaining a 

bias potential equivalent to the open circuit potential. To analyze the EIS data and 

derive the equivalent circuit, the "ZSimpWin" editor was utilized, allowing for a 

comprehensive understanding of the charge storage mechanisms and electrical 

properties of the SC cell.  

 

Figure 2.16: Nyquist plots with corresponding electrical equivalent circuit a) 

consisting of Rs, Rct, and, C, and b) consisting of Rs, Rct, C, and W.  

2.6 Gas Sensor Measurements: 

Evaluating sensors for real-time applications involves assessing their 

sensitivity by measuring resistance changes in response to known concentrations of 

analyte gas. Known gas concentrations can be obtained through methods such as 

permeation tubes, gas canisters, evaporation, diffusion, and gas flow meters. Two 

main methods are used to measure gas response: 

i)  Flow-Through Method: 

In this method, gas flow meters are used to record the response curve while a 

controlled amount of analyte gas flows continuously. The concentration of the analyte 

gas is adjusted by mixing it with a carrier gas, usually nitrogen. This approach allows 

for repeated measurements, making it possible to monitor variations in gas 

concentration. 

ii)  Static Environment Method: 
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In the static environment method, a sensor is placed in a sealed chamber of 

known volume. A specific amount of gas at a defined concentration is injected into 

the chamber using a syringe. The sensor's resistance is monitored until it stabilizes. To 

assess recovery, the sensor is exposed to air after the gas is removed [66]. This study 

employs the static environment method for gas sensor measurements. The setup for 

these measurements includes the components illustrated in Figure 2.17. 

The test chamber, made of stainless steel with a capacity of 315 cm3, is 

designed to resist corrosion from various gases.                                              

iii) Temperature Controller: 

Semiconductor sensors respond significantly at elevated temperatures. 

Therefore, a digital temperature controller (DTC) is employed to regulate the 

temperature at which the sensor's response to the analyte gas is measured. 

iv) Septum for Gas Insertion: 

To prevent gas leakage, introduce an analyte gas with a specified 

concentration through a small opening fitted with a rubber gasket. 

v) Hot Plate: 

A hot plate, heated to the temperature specified by the DTC, functions as the 

sensor stage. The sensor element, which measures 1 cm × 1 cm, is placed on this hot 

plate and preheated to the target temperature before measurements are taken. By 

employing these methods and equipment, we can accurately evaluate the gas sensors 

for their responsiveness to analyte gases. 

vi) Electrical Contacts and Probes: 

Silver paste is used to create electrical contacts on the sensor element, which 

is then linked to an electrometer using two probes. 

vii) Probes to Electrometer: 

The probes are connected to a Keithley 6514 electrometer to precisely measure 

resistance changes before and after introducing the analyte gas into the test chamber. 

viii) Insulation:  

The test chamber, made of stainless steel with a capacity of 315 cm3, is 

designed to resist corrosion from various gases. 
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Figure 2.17: (a) Schematic of the gas sensor measurement assembly and (b) Actual 

photograph of the gas sensor measurement assembly. 

2.7 Gas Sensor Techniques: 

Gas sensor measurement techniques assess parameters including resistance 

stabilization, sensitivity, selectivity, response time, recovery time, repeatability, and 

long-term stability. 

2.7.1 Resistance Stabilization: 

For gas sensing applications, achieving a stable reference resistance level is vital 

before subjecting the sensor element to reducing or oxidizing gases. This stability is 

essential because changes in oxygen concentration due to adsorption lead to 

equilibrium in the chemisorption process [67]. 

2.7.2 Sensitivity: 

Sensitivity is a key parameter that indicates how much a specific gas affects the 

sensor's resistance. It is defined by the equation, 

𝑆 (%) = (𝑅𝑎−𝑅𝑔/ 𝑅𝑎) × 100           (2.22) 

Where Ra is the sensor's resistance in air, and Rg is the resistance in the presence of 

the gas [59]. 

2.7.3 Response and Recovery Time: 

Response time is the duration required for the sensor's signal to reach 90% of 

its maximum value from its initial value. For semiconductor sensors, it specifically 

refers to the time needed for the resistance to achieve 90% of its saturation value after 
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gas exposure. Recovery time is the period needed for the sensor's resistance to return 

to 90% of its original value after reaching its maximum or saturation level. This 

measurement begins once the gas is removed or turned off. For semiconductor 

sensors, it indicates how long it takes for the resistance to recover to 90% of its initial 

state. 

2.7.4 Selectivity: 

Selectivity refers to sensors ability to specifically respond to a particular gas, 

which is closely related to its operating temperature. 

2.7.5 Reproducibility: 

Reproducibility refers to a sensors capability to produce consistent 

measurements when placed in the same environment; the sensor should show nearly 

identical dynamic characteristics for each cycle of gas exposure and removal, 

ensuring consistent performance. 

2.7.6 Long-Term Stability: 

Long-term stability denotes the ability of the sensor to maintain its properties 

while, continuously operating in an antagonistic environment for an extended period. 

A reliable sensor is expected to perform consistently over several years. 

2.8 Theoretical Background of Gas Sensor Mechanism: 

The gas sensing mechanism involves the following processes: 

A) Electron Depletion 

B) Band Bending 

C) Resistance Change 

The gas sensing mechanism relies on these fundamental processes to detect 

and measure the presence of gases effectively. 

A) Electron Depletion: 

Crystalline semiconductor gas sensors consist of interconnected grains 

forming aggregates connected by grain boundaries. When oxygen adsorbs on these 

surfaces, it captures electrons from the conduction band, creating a space-charge 

layer. Sensor sensitivity improves when the particle size of the sensing film is about 

or less than twice the space-charge layer thickness [68].  
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Adsorbed gases either donate or accept electrons, altering the sensor's 

conductivity. Donor gases increase conductivity, while acceptor gases decrease it. The 

gas sensing mechanism depends on the interaction between gases and the 

semiconductor surface, especially at the grain boundaries of polycrystalline materials 

like metal oxides [69, 70]. 

B) Band Bending: 

When heated to high temperatures, a semiconductor gas sensor allows free 

electrons to flow through its grain boundaries. In an oxygen-rich environment, 

oxygen adsorbs onto the semiconductor's surface, forming a potential barrier at the 

grain boundaries. This adsorption creates a layer of charged oxygen species that traps 

electrons from the material's bulk, leading to an electron-depleted region and an 

elevated potential barrier. As a result, the flow of electrons decreases, increasing the 

sensor's resistance [71]. The temperatures below the 420 K, the oxygen is ionosorbed 

as O2−, if the temperature is between 420 to 670 K, the oxygen mainly ionosorbed as 

O−. This corresponds to the gas sensors operating temperature. Above the temperature 

of 670 K, the formation of O2− occurs.  

 

Figure 2.18: The illustration of the band bending due to the adsorption of oxygen 

species for an n-type semiconductor such as a SnO2 layer. The schematic of 

chemisorption a) water molecules and b) NO2 at the surface of an n-type SnO2 [72]. 

The electrons required for this process originate from the donor site, which 

contains intrinsic oxygen vacancies. These electrons are extracted from the 

conduction band and trapped on the surface, creating an electron depletion layer 

known as the space charge layer [73]. The schemitic representation of gas sensing 
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mechanism has been reported in Elsevier [72]. When oxygen in the air chemisorbs 

onto a materials surface, it interacts with excess electrons to form oxygen species. 

This process leads to the formation of a space charge layer at the surface, and 

reducing the carrier concentration. When the material is then exposed to NO2 gas, the 

adsorbed oxygen species react with the NO2, further reduces the electron 

concentration near the surface of the material. As a result, the material resistance 

increases [74]. Figure 2.18 (a and b) shows the illustration of the band bending due 

to the adsorption of oxygen species for an n-type semiconductor. 

C) Resistance Change: 

When a sensor is exposed to a reducing gas, gas molecules are adsorbed on 

the surface of the semiconductor sensor element. This adsorption process reduces the 

potential barrier by injecting electrons into the conduction band, which enhances 

electron flow and lowers electrical resistance. As a result, metal oxide semiconductor 

gas sensors act as variable resistors, with their resistance changing according to the 

gas concentration [75]. On the other hand, when exposed to oxidizing gases, the 

opposite effect occurs, and the resistance of n-type semiconductor gas sensors 

increases [76]. 
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3.1 Introduction: 

 Currently, worldwide technological development is drastically increasing due 

to the lifestyle of the people being changed, and they are moving towards highly 

developed technology-based products utilized in their daily lives, such as wearable 

electronics products, home appliances, auto industries, medical healthcare, intelligent 

devices, micro-robotics, smartphones, flexible touch screen display, electronic skin, 

implantable medical treatment, etc. Accordingly, energy storage systems are highly 

required to fulfill this consumer demand. Mainly the various kinds of energy storage 

systems, but among these, the supercapacitor is one of the emerging trends growing 

towards the development of technology due its various unique properties i.e. their 

energy densities are higher than capacitors and power densities than batteries, 

flexibility nature, and long cycle life etc. [1-4]. 

 In the past few years, rGO has been composited with metal chalcogenides and 

extensively studied in supercapacitor applications [5, 6]. The carbon-containing 

materials like GO, rGO, CNT, and AC are usual materials with a range of various 

unique properties, including high specific surface area, pores of various sizes and 

shapes, and excellent electronic conductivity, which make them useful in energy 

storage [7-9]. For improved electron transfer, the synthesis methods optimization of 

the EDLC and pseudocapacitive materials, nanoparticle size, and surface 

microstructure is needed [10]. The composition with rGO modifies structural and 

morphological properties and provides a stable interactive surface and layered 

structural growth, which favors improvement in the desired electrochemical properties 

of the pristine electrodes [11, 12]. 

With ongoing research in this area, rare-earth-based compounds hold great 

potential for advancing the development of high-performance energy storage devices 

[13]. Kumbhar et al. [14] reported nanoflakes like nanostructured Sm2S3 film 

prepared by chemical method and exhibited maximum Cs of 213 F g-1 at 5 mVs-1 scan 

rate in LiClO4-propylene carbonate electrolyte. Patil et al. [15] reported La2S3 films 

by successive ionic layer adsorption and reaction (SILAR) method and achieved a Cs 

of 256 F g-1. Ubale et al. [16] reported Yb2S3 thin film by CBD method and exhibited 

maximum Cs of 184.6 F g−1 in 1 M KOH electrolyte at a 5 mV s−1 scan rate. Bagwade 

et al. [17] reported Dy2S3 thin films deposited by SILAR method and obtained 

maximum Cs of 273 F g−1 at a scan rate of 5 mV s−1. Ghogare et al. [18] reported β-
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LaS2 thin films by hydrothermal method and obtained Cs of 121.42 F g−1 in 1 M 

Na2SO4 electrolyte at a 5 mV s−1 scan rate. Ubale et al. [19] reported SILAR 

deposited Yb2S3 thin film and achieved a Cs of 181 F g−1 at a 5 mV s−1 scan rate. The 

present chapter deals with the synthesis of Dy2S3 and rGO/Dy2S3 thin films by CBD 

method and their characterization. 

3.2 Synthesis of Dy2S3 and rGO/Dy2S3 Thin Films: 

3.2.1 Introduction: 

In a SC, the electrode material must have good electrical conductivity, 

appropriate pore size, high surface area, chemical stability, and thermal stability. The 

electrode material preparation process is inexpensive and scalable, allowing for the 

commercialization of SCs in large-scale applications. 

From these perspectives, Dy2S3 and rGO/Dy2S3 films are fabricated on flexible 

SS substrate. By using CBD method, Dy2S3 nanoparticles are composited with rGO 

sheets to create the porous electrode structure. Subsequently, crystal structure, surface 

morphology, and wettability of Dy2S3 and rGO/Dy2S3 films film were studied using 

different physico-chemical techniques like XRD, FT-IR spectroscopy, FE-SEM, and 

XPS to determine chemical states, EDAX for elemental composition, and BET for 

determination of specific surface area of thin film material. Also, the wettability 

measurement was carried out to study the interaction between Dy2S3 and rGO/Dy2S3 

thin film electrodes with DDW. 

3.2.2 Experimental Details: 

3.2.2.1 Cleaning of Substrate: 

To prepare thin films of high quality using chemical methods, a very clean 

substrate surface is a necessary requirement. Furthermore, on the substrate surface, 

any materials impurity acts as a nucleation centre. The primary requirement for SCs is 

a conducting substrate. The SS substrate is suitable for SCs, because of its low cost 

and high electrical conductivity. Were the SS substrates were cleaned using acetone 

and DDW after polished with zero grade polish paper. Subsequently, the substrates 

were ultrasonically cleaned for 10 min. Finally, substrates were utilized for material 

deposition after air dried. 
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3.2.2.2 Chemicals: 

All analytical grade (AR) chemicals dysprosium nitrate Dy(NO3)3, sodium 

thiosulfate (Na2S2O3), citric acid (C6H8O7), and sodium sulfate (Na2SO4) were used as 

received. A clean and polished SS sheet sized 5×1 cm2 (304 grade) was used as a 

substrate and DDW as a solvent. 

3.2.2.3 Synthesis of rGO: 

 

Figure 3.1: Schematic flow chart of rGO synthesis. 

A Modified Hummer’s method was used to synthesize GO [20]. Flacks of 

graphite were bought from Sigma-Aldrich and used to synthesis GO. The 2 grams of 

graphite flakes (with an average diameter of 100 μm) and 100 mL of concentrated 

H2SO4 were mixed in a 500 mL conical flask, and the mixture was placed in an ice 

bath with continuous stirring. Then 1 g of NaNO3 was added. 

Slowly, 8 g of KMnO4 was added into this mixture to maintain a reaction 

temperature below 293 K. After the addition, the reaction mixture was kept at room 

temperature with continuous stirring for 12 hours. Subsequently, 100 mL of DDW 

was added, followed by an additional 300 mL of DDW and 8 mL of H2O2 (30%) after 

1.5 hours. This addition resulted in a yellowish solution. The mixture was then rinsed 

with 5% HCl multiple times, followed by rinsing with DDW several times until 

reaching a pH of 6.5. The previously reported procedures for the chemical reduction 

of GO were followed [21]. Hydrazine hydrate was used as a reducing agent for GO. 5 

mL of hydrazine hydrate was added to 500 mL of GO suspension of density 1 mg 
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mL− 1, and heated for 3 h at 363 K. After completion of the reaction, the residue was 

washed using DDW several times to remove unwanted traces of hydrazine hydrate. 

The slurry of rGO was used to papered rGO films on the SS substrate by using the 

layer-by layer (LBL) method. To obtain a uniform suspension, 1 mg mL−1 rGO 

suspension was sonicated for 1 h. The cleaned SS substrate was immersed in rGO 

suspension for 20 s and dried for 40 s at room temperature, and such 200 cycles were 

repeated to achieve the optimum film thickness. The prepared rGO thin film was used 

for further characterizations. Figure 3.1 provides a schematic representation of the 

entire rGO synthesis process. 

3.2.2.4 Synthesis of Dy2S3 Thin Films: 

 

Figure 3.2: The schematic of CBD method employed for Dy2S3 thin film electrode 

preparation. 

The deposition of Dy2S3 thin films was carried out using CBD method. In a 

typical synthesis, 0.05 M Dy(NO3)3, and 0.1 M (Na2S2O3) used as a cationic and 

anionic precursors and citric acid was used as a complexing agent. The both cationic 

and anionic precursors were mixed together with 20 mL DDW and citric acid was 

added slowly to maintain pH ~10 of bath. The above solution was stirred well for 15 

min. The cleaned SS substrates were immersed vertically in the above bath and the 

bath kept in water bath at a constant 363 K temperature maintained for different time 

periods (3, 6, and 9 h). The schematic for chemical deposition of Dy2S3 films by CBD 

method is shown in Figure 3.2.  
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When the ionic product of Dy3+ and S2- exceeds the solubility product of 

Dy2S3, the precipitate of Dy2S3 occurs. During the precipitation, colour of the solution 

changed from colourless to whitish, and heterogeneous reaction takes place. After 

deposition, 3, 6, and 9 h, the whitish colored Dy2S3 thin films on SS substrate were 

taken out from the bath, washed with DDW and dried at room temperature. These 

samples were denoted as DS3, DS6 and DS9, for 3, 6, and 9 h deposition period, 

respectively. These samples were used for further characterizations. To study the 

effect of deposition time, the other preparative parameters such as concentration of 

Dy(NO3)3, and (Na2S2O3) precursors, bath temperature and pH of the bath were kept 

constant and only depositing time period was varied from 3 to 9 h.  

3.2.2.5 Synthesis of rGO/Dy2S3 Thin Films: 

To prepare rGO suspension, 1 mL of the rGO solution was dried at 373 K, and 

the concentration was determined by measuring it. From this concentration, rGO 

dispersion in DDW was prepared at concentration of 1.0 mg mL-1, followed by a 

similar process to deposit Dy2S3 as described above. Briefly, 0.05 M Dy(NO3)3, 

cationic and 0.1 M (Na2S2O3) anionic precursors mixed together with 20 mL DDW.  

 

Figure 3.3: Schematic representation of rGO/Dy2S3 thin film preparation by CBD 

method. 

Further, the 10 mg of as-prepared rGO solution was dispersed in the mixed 

solution. After magnetic stirring for 15 min, citric acid solution was dropwise added 

in the mixture. Then, SS substrates were vertically immersed in above bath and 
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deposition was carried out for 6h at 363K. After deposition, the SS substrates were 

removed from the bath and cleaned with DDW water. Finally, the prepared 

rGO/Dy2S3 composite thin films on SS substrate were used for further 

characterizations. An illustrative representation of the formation of a layered structure 

of rGO/Dy2S3 composite is provided in Figure 3.3.  

3.3 Material Characterizations: 

3.3.1 Physico-Chemical Characterizations: 

Rigaku miniflex-600 operating with Cu Kα radiation (λ= 0.1540 nm) was used 

to acquire the XRD patterns of samples. FT-IR analysis recorded using Bruker Tensor 

27 FT-IR instrument was used for the qualitative analysis of functional groups and 

bonding present in Dy2S3, and rGO/Dy2S3 materials. FE-SEM (JEOL JEM 2100) was 

utilized to study the surface morphology, while EDAX was employed to investigate 

the elemental composition of the substance. The XPS was used for the surface 

chemical composition of rGO/Dy2S3 film. The specific surface area and pore size 

distribution of Dy2S3 and rGO/Dy2S3 composites were measured by BET analysis 

using the quantachrome V11.02 instrument. The contact angle measurement was 

carried out using the Rame-Hart instrument. The Raman spectra of samples were 

measured using JASCO NRS-5100 equipment using a laser of λ = 532 nm. 

3.3.2 Electrochemical Characterizations 

The electrochemical workstation (ZIVE MP1) was utilized to analyze the 

electrochemical properties of thin film electrodes. The typical three-electrode system 

consists of thin films of Dy2S3, rGO/Dy2S3, and rGO as working electrodes, a 

saturated calomel electrode (SCE) as a reference, and a platinum sheet as a counter 

electrode. Electrochemical techniques like voltammetry and chronopotentiometry 

were performed in the potential window of -1.0 to 0 V/SCE to get CV and GCD 

curves.  

Figure 3.4 shows the electrochemical work station, b) experimental setup, and 

c) schematic representation of three electrode system. All electrodes were tested in 1 

M Na2SO4 electrolyte at room temperature. 1 cm2 area of the working electrode was 

exposed to the electrolyte. The EIS measurements were performed with potential 

amplitude of 10 mV and a frequency range of 0.01 Hz to 0.1 MHz.  
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Figure 3.4: a) The electrochemical work station, b) experimental setup, and c) 

schematic representation of three electrode system. 

3.3.2.1 Cyclic Voltammetry (CV) Study: 

The CV is a crucial technique for determining electronic transfer redox 

reactions and redox potentials; it is used to calculate the Cs of electrode materials. The 

CV study of Dy2S3, and rGO/Dy2S3 thin film electrodes was carried out within the 

potential window of -1.0 V to 0 V/SCE in 1 M Na2SO4 electrolyte. The Cs of 

electrode material was estimated using Equation 2.12 and charge storage mechanism 

was analyzed using power law. 

3.3.2.2 Galvanostatic Charge Discharge (GCD) Study: 

The GCD study of Dy2S3, and rGO/Dy2S3 thin film electrodes was carried out in 

in the same potential window as that of CV. The shape of the GCD curves identifies 

the nature of charge storage mechanism. Equation 2.14 is used to calculate the Cs 

values of thin film electrode using GCD curves. 

3.3.2.3 Electrochemical Impedance Spectroscopy (EIS): 

A resistive parameter analysis of the electrode-electrolyte interface was 

performed using the EIS. Using the electrochemical workstation (ZIVE MP1), the EIS 

measurement was used to describe the quality of the interface between the electrode 

and electrolyte. In the frequency range of 0.01 Hz to 0.1 MHz, the EIS study was 

conducted at an open circuit potential bias using 10 mV potential amplitude. 

3.4 Results and Discussion: 

3.4A Physico-Chemical Characterizations: 

3.4A.1 Physico-Chemical Characterizations of Dy2S3 Thin Films: 

3.4A.1.1 XRD Study: 
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Figure 3.5: a) The XRD patterns, b) FT-IR spectra and c) Raman spectra of Dy2S3 

thin films deposited at different deposition time. 

The XRD technique has been used to study the crystal structure of Dy2S3 thin 

film. Figure 3.5 (a) shows the XRD patterns of Dy2S3 thin film at different deposition 

time over the range of 5° - 80°. The intense peaks for Dy2S3 appeared at 19.57°, 

23.39°, 24.76°, 26.32°, and 26.99° with plane of (102), (401), (111), (-501), and 

(211), respectively. The (h k l) values match well with those given in the standard 

JCPDS card no 00-020-1033 suggesting monoclinic phase of the Dy2S3. The XRD 

data indicates the low intensity of Dy2S3 peaks for films at 3 h of deposition (Figure 

3.5 (a) DS3). The intensity of the peaks was increased indicating good crystallinity as 

the deposition time was increased to 6 and 9 h (Figure 3.5 (a) DS6, DS9) [22, 23].  

It shows that the structural properties of Dy2S3 films are influenced by the 

growth duration time.  In Figure 3.5 (a) the sharp peaks examined at 43°, 51° and 74° 

correspond to stainless steel and which are indicated with #. The crystallite size "D" 

of Dy2S3 thin film was calculated using Scherer’s formula (Equation 2.6). The 

crystallite size estimated along (401) plane was 26 nm. The XRD results confirm the 

formation of Dy2S3 thin films.  



Chapter 3 

 

 82 

3.4A.1.2 FT-IR Study: 

The functional groups in the materials are examined using FT-IR 

spectroscopy; the IR spectra of Dy2S3 (DS3, DS6 and DS9) thin films, were obtained 

over a range of 4000-400 cm-1 and are presented in Figure 3.5 (b). The strong 

absorption bands of S-S and Dy-S are observed at 1114, 928, 853, 677, 636, 550 and 

469 cm−1, respectively [24, 25].  According to the spectra, the large peak at 

wavenumber 3386 cm-1 is due to the O-H bonds stretching vibrations, also the 

absorptions peak at 1567 and 1385 cm-1 are ascribed to bending modes of –OH of 

adsorbed water molecules [26]. The FT-IR analysis revealed the presence of adsorbed 

water in Dy2S3 thin films. Additionally, the results confirmed Dy2S3 formation on the 

SS substrate. 

3.4A.1.3 RAMAN Study: 

The Raman spectra recorded over 110-400 cm-1 of Dy2S3 thin film is presented 

in Figure 3.5 (c). The figure shows four broad and distinct well-defined peaks at 62, 

165, 228, 480 cm-1 which are in good agreement with previous reported Raman 

spectrum of rare earth metal sulphides [27, 28]. The first three peaks at 62, 165, and 

228 cm-1 are correspond to the vibrations modes in the resonance spectrum of Dy2S3. 

The peak at ~480 cm-1 is assigned to the S–S stretching of Dy2S3 thin film [29]. FT 

Raman analysis confirms the formation of Dy2S3. 

3.4A.1.4 FE-SEM study 

The morphology of the electrode material has a major impact on the 

performance of active materials. The FE-SEM micrographs of Dy2S3 thin film 

deposited at different deposition time on SS substrate taken at two different 

magnifications (5,000 and 20,000x) are shown in the Figure 3.6.  

The observation illustrated in Figure 3.6 (a and d) shows the DS3 film 

exhibit non-uniformity, with smaller grains and a surface constituted with an 

arrangement of coarsened grains. The FE-SEM images (Figure 3.6 (b and e)), the 

DS6 film reveal the formation of spherical-shaped grains like porous hollow 

microsphere morphology and a smooth, uniform, and well-covered surface with small 

voids distributed over the substrate of the surface. The random distribution of porous 

hollow microsphere particles is due to the rapid reaction rate in the alkaline bath, 

where nucleation and grain growth occur simultaneously. 
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Similarly, DS9 thin film (Figure 3.6 (c and f)), the higher deposition time thin 

film shows the nucleation overgrowth on the film surface with hollow microspheres 

compact morphology. The materials exhibiting microstructured morphology tend to 

enhance specific surface area, which makes it easier for electrolytic ions to adsorb and 

desorb. Consequently, this improves the electrodes electrochemical performance. 

 

Figure 3.6: FE-SEM images of a) DS3, b) DS6, and c) DS9 at the magnification of 

5,000x, and d) DS3, e) DS6, and f) DS9 at the magnification of 20,000x. 

3.4A.1.5 EDAX Study: 

 

Figure 3.7: The EDAX spectra of a) DS3, b) DS6, and c) DS9 thin films (insets show 

atomic percentages of constituting elements of Dy2S3 thin film). 
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The EDAX is a technique used to analysis of elemental composition of Dy2S3 

thin films. Figure 3.7 presented the EDAX spectra of Dy2S3 thin films. The EDAX 

spectra signify the presence of Dy and S elements in Dy2S3 thin film without any 

other impurity. In DS6 thin film, the atomic percentage of Dy and S are 38.70 and 

61.30%, respectively. The table of elemental composition of Dy2S3 thin films is 

shown in the inset of each image. The observed Dy:S atomic ratios for DS3, DS6, and 

DS9 thin film electrodes are 2:2.13, 2:3.17, and 2:3.14, respectively. The EDAX 

analyse confirmed the formation of Dy2S3 thin film. 

3.4A.1.6 Contact Angle Measurement: 

The wettability of water-based electrolytes on the surface of a solid film is 

mainly determined by its surface structure. The electrochemical performance can be 

significantly improved by achieving a smaller contact angle and higher surface 

energy. The shape, size, purity, surface roughness, cleanliness, and heterogeneity of 

the particles play crucial roles in determining contact angle values [30-32]. Figure 3.8 

(a) illustrates the water contact angle image of DS6 film.  

The DS6 thin film exhibits a contact angle of 60°, which indicates that it is 

hydrophilic nature. The porous structure of the DS6 film contributes to this lower 

water contact angle. The hydrophilic nature of thin film is beneficial for SC 

applications as it facilitates enhanced interaction between electrolyte ions and the 

active electrode surface. Also, its promotes intimate contact with the water-based 

electrolyte, potentially leading to decreased resistances [33, 34]. 

3.4A.1.7 BET Study: 

BET and BJH technique is used to determine the specific surface area and 

average pore size distribution of DS6 thin film electrode by N2 sorption isotherms. 

Figure 3.8 (b) shows the BET and BJH plot of Dy2S3 thin film. In Figure 3.8 (b), the 

DS6 thin film demonstrates type IV isotherms, having a H3-type hysteresis curve 

within the relative pressure range of 0.40 to 1.0. This suggests the presence of both 

meso and micropores structure in DS6. The BJH technique was used to determine the 

average pore diameter of the electrodes, which is illustrated in Figure 3.8 (b). The 

DS6 sample exhibits a BET specific surface area of 23 m2 g-1, with an observed 

average pore diameter of 15 nm. 
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Figure 3.8: a) Photograph of water contact angle, b) N2 sorption isotherms (inset 

shows the BJH pore size distribution curve) of Dy2S3 (DS6) thin film. 

3.4A.2 Physico-Chemical Characterizations of rGO/Dy2S3 Thin Films: 

3.4A.2.1 XRD Study: 

 

Figure 3.9: The XRD patterns of i) rGO, ii) Dy2S3 and iii) rGO/Dy2S3 thin films. 

The XRD patterns of rGO, Dy2S3 and rGO/Dy2S3 thin films are shown in 

Figure 3.9. The broader peak for rGO at 2θ = 24.10° corresponds to (002) plane 

(Figure 3.9 (i)) [35]. This indicates oxygen-containing functional groups were 

eliminated significantly during the chemical reduction of GO. The intense peaks for 

Dy2S3 appeared at 19.57°, 23.39°, 24.76°, 26.32°, and 26.99° corresponds to (102), 

(401), (111), (-501) and (211) planes monoclinic crystal structure of the Dy2S3. 

(JCPDS card no 00-020-1033). 
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The XRD patterns of Dy2S3 and rGO/Dy2S3 thin films are shown in Figure 3.9 

(ii and iii). The variation in the peak intensity indicates that the growth rate of Dy2S3 

nanoparticles on rGO sheet is influenced by the composition with rGO. The 

monoclinic crystal structure of Dy2S3 in rGO/Dy2S3 thin films has been confirmed by 

the calculated d values (Bragg’s Eq), which match well with standard d values. The 

small amount of rGO with less ordered stacking of rGO sheets is the reason for the 

absence of a diffraction peak for rGO in the composite thin film. Using Scherrer's 

formula (Equation 2.6) for (401) plane, the crystallite size was determined to be 31 

nm. The rGO/Dy2S3 crystallite size is larger than the Dy2S3 crystallite size. The SS 

substrate can be identified by the peaks highlighted by the symbol #. The composition 

of rGO with Dy2S3 affects the growth of Dy2S3 particles, as confirmed by an XRD 

study. 

3.4A.2.2 FT-IR Study: 

The FTIR spectra of Dy2S3 and rGO/Dy2S3 are presented in Figure 3.10. The 

presence of the O-H bond (hydroxyl group) is confirmed by the intense and broad 

peak that appeared at a wavelength of 3386 cm-1 in the Figure 3.10 (i). But in Figure 

3.10 (ii) the peak at 3386 cm-1 became less broad as compared with Dy2S3 due to less 

presence of hydroxyl group in rGO/Dy2S3 and also significantly reduction of rGO.  

 

Figure 3.10: The FT-IR spectra of i) Dy2S3 and ii) rGO/Dy2S3 thin films. 
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The strong absorption band of S-S and Dy-S bond observed at 1114, 928, 853, 

677, 636, 550, and 469 cm−1, are assigned to the characteristic absorption of Dy2S3. 

Figure 3.10 (ii) (rGO/Dy2S3 thin films) show additional rGO absorption bands at 

1721 cm-1  for – C=O stretching (–COOH group), 1226 and 1047 cm-1 for C-O-C 

stretching (epoxy group) in comparison to the FT-IR spectrum of Dy2S3 thin films 

[35].  From the results, it is confirmed by the formation of rGO/Dy2S3 thin film on SS 

substrate. 

3.4A.2.3 FE-SEM Study: 

The FE-SEM images of Dy2S3 and rGO/Dy2S3 thin films at two 

magnifications are shown in Figure 3.11 (a-d). From the FE-SEM images, the 

microstructures of rGO/Dy2S3 observed. Figure 3.11 (c and d) presents the images of 

the rGO/Dy2S3 thin films at 5,000x and 20,000x magnifications; the images reveal a 

discontinuous and irregular arrangement of rGO sheets within the thin films. At 

higher magnification at 20,000x (Figure 3.11 (d)), the FE-SEM images illustrate that 

rGO network is interconnected by Dy2S3 nanoparticles, forming a sandwich-like 

structure between rGO sheets. The rGO sheets are uniformly coated with Dy2S3 

nanoparticles. These nanoparticles prevent rGO sheets from being anchored and also 

offer easy access to electrolyte ions at the bulk of the electrode material by diffusion.  

 

Figure 3.11: FE-SEM images of a) Dy2S3, and c) rGO/Dy2S3 at the magnification of 

5,000x, and b) Dy2S3, and d) rGO/Dy2S3 at the magnification of 20,000x.  



Chapter 3 

 

 88 

3.4A.2.4 EDAX Study: 

The EDAX technique is used to examine the chemical composition of 

rGO/Dy2S3 thin films. Figure 3.12 (a and b) displays the Dy2S3 and rGO/Dy2S3 thin 

film EDAX spectra. The inset of Figure 3.12 (a and b) displays the atomic 

percentages of the elements Dy, S, C, and O, confirming the formation of rGO/Dy2S3 

thin film. In the rGO/Dy2S3 composite thin film, the atomic ratio varies from the ideal 

value of 2:3.  

 

Figure 3.12: The EDAX spectra of a) Dy2S3, and b) rGO/Dy2S3 thin films (insets 

show atomic percentages of constituting elements). 

The atomic percentages of Dy, S, C, and O are 19.70, 28.84, 24.94, and 

26.52%, respectively. A slightly more oxygen indicates that the graphite flakes are 

effectively oxidized into rGO sheets. A composite thin films performance of energy 

storage may be enhanced by the nonplaner oxygen containing groups found in rGO 

sheets, which allow the growth of Dy2S3 nanoparticles and offer more active sites for 

interaction with ions from the electrolyte. 

3.4A.2.5 XPS Study: 

The XPS technique is fundamental type to providing the important 

information about the elemental presence, chemical environment, and oxidation state 

present at the surface of film. Therefore, the XPS technique is used to identify the 

elemental presence of Dy2S3 thin film. Figure 3.13 (a) shows a wide survey scan of 

the XPS spectrum taken in the 0–1350 eV range. The Dy, S, O, and C elements peaks 
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suggest the formation of rGO/Dy2S3 composite thin film on SS substrate. Figure 3.13 

(b and c) shows the peaks at binding energies 1335 and 1297 eV correspond to  Dy3+ 

3d and 4d core-level splitting into 3d3/2 and 3d5/2 and peaks at binding energies 155.2 

and 158.1 eV corresponds to 4d3/2 and 4d5/2,  respectively [36, 37]. Other rare-earth 

metals are also observed a doublet energy gap as a result of the spin–orbital 

interaction [38]. 

 

Figure 3.13: The XPS spectra of a) rGO/Dy2S3 film wide survey scan, b) Dy 3d, c) 

Dy 4d, d) S2p, e) C1s, and f) O1s. 

The XPS spectrum of S2p (Figure 3.13 (d)) show that sulfur is present in a 

rGO/Dy2S3. The sulfide (S2−) species are represented by the peaks located at binding 

energies of 161.9, 162.4, and 168.4 eV [39]. Three components related to C atoms in 
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different functional groups are shown in the XPS spectrum of C1s from rGO (Figure 

3.13 (e)); the peak at 283.8 eV indicates the (C=C) ring of rGO, the peak at 285.6 eV 

indicates the C-O bond confirming the hydroxyl group attached to the rGO sheet, and 

the peak of C (C=O) at 287.8 eV also confirms the carboxylic group [40].  

The sample surface exhibits a very high atomic percentage of O, as shown in 

Figure 3.13 (f). This high percentage is attributed to different oxidation states, as 

indicated by the variations in the position and shape of O1s peak. Further the O1s is 

deconvoluted into three peaks, the signals at 530.5, 531.1 and 531.8, eV, which are  

attributed to lattice oxygen confirms formation of O-C bond, nonlattice oxygen from 

the carboxyl, sulfonyl, and hydroxyl groups, respectively [41-43]. Overall, the XPS 

result confirms the formation of rGO/Dy2S3 composite thin film. 

3.4A.2.6 Raman Study: 

The Raman spectra of rGO, Dy2S3 and rGO/Dy2S3 thin films are shown in 

Figure 3.14. Figure 3.14 (i) shows the peaks present at 1350, 1599 cm-1, and broad 

peaks at 2691 and 2944 cm-1 related to the D, G, and 2D peaks of rGO, respectively 

[35]. The peaks at 62, 165, and 228 cm-1 correspond to the vibrations mode in the 

resonance spectrum of Dy2S3. The peak at ~480 cm-1 is assigned to the S–S 

stretchings of Dy2S3 thin film observed in Figure 3.14 (ii and iii). 

 

Figure 3.14: The Raman spectra of i) rGO, ii) Dy2S3, and iii) rGO/Dy2S3 thin films. 
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 In Figure 3.14 (iii), the presence of peaks at 1346 and 1599 cm-1 are related to 

the D and G bands of rGO sheets which confirmed the formation of composite thin 

film of rGO/Dy2S3. The greater D band intensity indicates the relatively large rGO 

sheet defects, which cause the sp2 hybridization to be distorted toward the sp3. The 

quantitative examination of rGO sheet is helped by the G peak. The rGO/Dy2S3 

composite thin-film formation mechanism is indicated by the results of the equation 

I(G)/I(2D). The electrons have an easy lateral path to conduct due to the stacked rGO 

sheets with sp2 hybridization. 

3.4A.2.7 Contact Angle Measurement: 

The contact angle photographs of rGO/Dy2S3 thin film with DDW are shown in 

Figure 3.15 (a). The contact angle value of 49° for rGO/Dy2S3 thin film electrode 

indicates its hydrophilic nature (Figure 3.15 (a)). It is observed that the hydrophilicity 

of rGO/Dy2S3 composite is enhanced to pristine Dy2S3. The reduced contact angle is 

due to the composition with rGO nanosheets which possess various functional groups 

on its surface. This hydrophilic nature of the thin film surface facilitates intimate 

contact with the water-based electrolyte. This is essential in order to obtain higher 

electrochemical performance. 

3.4A.2.8 BET Study: 

  

Figure 3.15: a) photograph of water contact angle, b) N2 sorption isotherms (inset 

shows the BJH pore size distribution curve) of rGO/Dy2S3 thin film. 

The BET and BJH techniques were used to measure specific surface area and 

pore size distribution of thin films. Figure 3.15 (b) presented the N2 adsorption-

desorption isotherms of rGO/Dy2S3. The rGO/Dy2S3 sample has an obtained specific 

surface area of 36 m2 g−1. Furthermore, the BJH analysis, inset of (Figure 3.15 (b)) 
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demonstrated a pore size distribution for the rGO/Dy2S3 sample, with a mean pore 

size of 11 nm, suggesting that the thin films have a mesoporous structure.  

3.4B Electrochemical characterizations:  

3.4B.1 Electrochemical Characterizations of Dy2S3 thin Films: 

3.4B.1.1 CV Study: 

 

Figure 3.16: a) Comparative CV curves of Dy2S3 thin films at a scan rate of 100 mV 

s-1, b) variation of Cs with the scan rates, and the CV curves at various scan rates from 

5-100 mV s-1 of c) DS3, d) DS6, and e) DS9 thin film electrodes. 
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The electrochemical characterization of Dy2S3 thin film was performed in 1 M 

Na2SO4 electrolyte in a working potential window of 0 to -1.0 V SCE. The CV curves 

of Dy2S3 thin films deposited at various deposition times carried out at scan rate of 

100 mV s-1 are presented in the Figure 3.16 (a). From the CV plots, its revel that the 

area under the CV curve is increased with increasing scan rate and decreasing specific 

capacitance due to the less time available for electrolyte ions to interact with the 

electrode at a higher scan rate with decreasing scan rate is enough time for redox 

reactions [44]. The graph of variation of Cs with scan rate for Dy2S3 thin films is 

presented in Figure 3.16 (b). 

Figure 3.16 (c-f) illustrates the CV curves of the thin film electrodes DS3, 

DS6, and DS9 at various scan rates between 5 and 100 mV s−1. All thin-film 

electrodes exhibit an increase in current response with scan rate. Figure 3.16 (d) 

shows the area under the CV curves of DS6 film electrode is more than other DS3 and 

DS9 films, indicating DS6 may facilitate fast electronic and ionic transport. The 

nontrangular shape of CV curves of Dy2S3 film electrodes is indicated typical 

pseudocapacitive material type. The obtained highest Cs value of DS3, DS6 and DS9 

film electrodes at scan rate of 5 mV s-1 are 210, 219, and 74 F g-1, respectively. 

3.4B.1.2 GCD Study: 

The GCD study of DS3-DS9 electrodes was performed at current density of 

3.5 A g-1 over a working potential window of -1.0 to 0.0 V (V/SCE) as shown in 

Figure 3. 17 (a). The obtained maximum value of the Cs calculated using Equation 

2.12 are 153, 192 and 123 F g-1 for DS3, DS6 and DS9 at the charging current density 

of 3.5 A g-1. The change in Cs with current densities is presented in Figure 3.17 (b). 

From GCD plots, its clearly seen that the with increasing current density, the charging 

and discharging time decrease with decreasing Cs value due to the less time available 

for interaction of electrolyte ions to interact with the electrode at a higher current 

density [44]. Figure 3.17 (c-e) shows the GCD plots of DS3, DS6 and DS9 electrodes 

at various current densities (3.5 - 5.5 A g-1). It is suggested by the nontriangular GCD 

profiles that charge storage is pseudocapacitive in nature. When comparing the DS6 

electrode to other electrodes, the highest discharge time is observed, indicating 

superior electrochemical performance. The surface redox reactions of Dy2S3 thin film 

electrodes are revealed by the nonlinear behavior of the charge and discharge plots 

[45, 39]. Additionally, good symmetrical features of GCD curves, Dy2S3 material 
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produces excellent electrochemical potential and redox reversibility during charge 

discharge over the entire potential range. The enhanced electrochemical capacitive 

performance of the DS6 electrode arises from the high surface area as facilitated by its 

morphology. 

 

Figure 3.17: a) Comparative GCD curves of Dy2S3 thin film electrodes at a current 

density of 3.5 A g-1, b) variation of Cs with the current densities, and the GCD curves 

at various current densities from 3.5 - 5.5 A g-1 of c) DS3, d) DS6, and e) DS9 thin 

film electrodes. 

3.4B.1.3 EIS Study: 

In the Nyquist plot, there are various EIS parameters such as Rs, Rct and W. 

The Rs represents the intercept of semicircle on the real axis in high-frequency regions 
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and the Rct reflects the radius of the semicircle. The W impedance is related to the 

electrodes diffusion resistance to the electrolyte ions. The W is primarily responsible 

for the slow ion diffusion process and the resistance to the electrolytes diffusion.  For 

electrochemical performance, appropriate W and CPE values are essential.  

 

Figure 3.18: a) Nyquist plots, (inset shows the fitted equivalent circuit for the EIS          

data), and b) the stability curves for Dy2S3 thin film electrodes. 

The EIS data reveals that DS6 electrode has lower resistance and better 

electrochemical performance [46, 42]. Figure 3.18 (a) depicts the Nyquist plots and 

the fitted circuits of Dy2S3 electrodes conducted in 1 M Na2SO4 electrolyte. Table 3.1 

presents the values of the fitted circuit parameters. The best performing DS6 electrode 

shows fitted values of Rs, Rct, CPE, and W from the equivalent circuit as 1.16 Ω cm-2, 

16.39 Ω cm-2, 0.54 mF, and 2.1 Ω, respectively. 

Table 3.1: Electrochemical impedance spectroscopic fitted circuit parameters for 

Nyquist plots of Dy2S3 thin film electrodes. 

 

3.4B.1.4 Stability Study: 

 When determining the lifespan of Dy2S3 electrode, the stability is crucial. The 

cyclic electrochemical stability of all Dy2S3 electrodes are examined at 4 A g-1 current 

Sample Rs (Ω cm-2) Rct (Ω cm-2) CPE (mF) W (Ω) 

DS3 1.57 23.7 0.59 0.30 

DS6 1.16 16.39 0.54 2.1 

DS9 1.77 47.2 0.12 1.45 
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density over 5,000 cycles and the corresponding capacitive retention plot presented in 

Figure 3.18 (b). The stability retention of DS3, DS6 and DS9 electrodes is 76, 81, 

and 71%, respectively. The capacitance value decreases due to the ionic pathway of 

electrolytic ions defuses electroactive sites in the bulk electrode. With an increase in 

the thickness of the film electrode, greater electrochemical stability was observed. 

However, for the DS9 film electrode, capacitance decreases due to low adherence of 

the film to the substrate [47]. 

3.4B.2 Electrochemical Characterizations of rGO and rGO/Dy2S3 Thin Films: 

3.4B.2.1 Electrochemical Study of rGO Thin Films: 

The electrochemical study of rGO thin film was carried out in the potential 

range of 0 to 1.0 V/SCE in 1M LiClO4 electrolyte. Figure 3.19 (a) presents the CV 

measurements carried out at various scan rates of 5 to 100 mV s-1. The CV curves 

show a rectangular shape which indicates EDLC nature. Figure 3.19 (b) shows the 

GCD measurement at various current densities of 3.0, 3.5, 5.0, 6.5, and 8.0 A g-1.  The 

triangular shape of GCD plots indicates the EDLC behaviour of rGO. The rGO 

electrode exhibits 𝐶s of 96 and 105 F g-1 at 5 mV s-1 scan rate and 3 A g-1 current 

density, respectively.  

 

Figure 3.19: a) The CV curves at various scan rates from 5-100 mV s-1, b) the GCD 

curves at various current densities of 3.0 to 8.0 A g-1, c) Nyquist plot of rGO electrode 

and simulated equivalent electrical circuit is displayed as an inset image. 

Figure 3.19 (c) displays the Nyquist curve of rGO electrode and the inset 

image shows the simulated equivalent electrical circuit. The observed values of Rs, 

Rct, CPE, and W are 1.15 Ω cm-2, 4.5 Ω cm-2, 0.72 mF, and 0.024 mΩ for rGO..Based 

on some previous research, the additional planar groups attached to the graphene 

plane cause the faradaic reactions to take place at rGO [48].   
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3.4B.2.2 Electrochemical Study of rGO/Dy2S3 Thin Films: 

3.4B.2.3 CV Study: 

The electrochemical study of rGO, Dy2S3 and rGO/Dy2S3 electrode was 

carried out within a potential window of -1.0–0.0 V/SCE in 1 M Na2SO4 electrolyte. 

The CV curves of Dy2S3 and rGO/Dy2S3 thin film electrodes at scan rate of 5 to 100  

mV s−1 are shown in Figure 3.20 (a and b), which indicate that there is more current 

response for rGO/Dy2S3 thin film compared with Dy2S3 thin film electrodes. The 

interagated area under the CV curve of Dy2S3 was smaller compared to rGO/Dy2S3 

electrode. The obtained Cs of Dy2S3 (219 F g-1) is low as compared to rGO/Dy2S3 

(392 F g-1) at the scan rate of 5 mV s-1.  

 

Figure 3.20: The CV curves at various scan rates from 5-100 mV s-1 of a) Dy2S3, b) 

rGO/Dy2S3, thin film electrodes and c) variation of Cs with the scan rate. 

This indicates that rGO/Dy2S3 thin film electrode may enhance rapid 

electronic and ionic transport, which increase current response capacity of the 

electrode. The non-rectangular shape observed in the CV curves confirms the 

existence of a pseudocapacitive charge storage mechanism.  The calculated Cs values 
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of electrodes using Equation 2.12 at a scan rate of 5 mV s-1 are 219 F g−1 for Dy2S3, 

and 392 F g−1 for rGO/Dy2S3 thin film electrodes, respectively.  

From the CV curves, higher scan rates cause a decrease in Cs because there is 

less time for reversible redox reactions to occur. At higher scan rates, not all 

electrolyte ions can undergo reversible redox reactions due to time constraints, 

leading to a reduction in Cs. The CV curves depicted in Figure 3.20 (a and b) 

illustrate the performance of Dy2S3 and rGO/Dy2S3 thin film electrodes across 

different scan rates ranging from 5 to 100 mV s−1. These CV curves suggest that 

Dy2S3 thin film electrodes exhibit versatility as electrode materials across a range of 

current ratings. The plots of Cs versus different scan rates for Dy2S3, and rGO/Dy2S3 

thin film electrodes are presented in Figure 3.20 (c). The total current response 

observed in the CV curves is a combination of capacitive and diffusion-controlled 

charge storage mechanism. The power law is used to study the charge storage kinetics 

of Dy2S3 and rGO/Dy2S3. The approximate charge storage contribution from both 

mechanisms is determined using power law [49].  

𝐼𝑝 = 𝑎ʋ𝑏        (3.1) 

where Ip, υ, and a and b signify the peak current density (A g−1), scan rate (mV 

s −1), and adjustable parameters, respectively. The b-value is calculated from the slope 

of the graph of log i vs log υ as presented in Figure 3.21 (a). There are two 

classifications of electrode material based on charge storage b = 0.5 indicates 

diffusion assisted charge storage and b = 1, where charge storage is mainly owing to 

the capacitive processes on the surface of the electrode. The estimated b-value for 

Dy2S3 and rGO/Dy2S3 are 0.73 and 0.84, implying that the charge storage is through 

both diffusions assisted and capacitive processes (Figure 3.21 (b and c). Moreover, 

the scan rate dependent analysis was performed using the following equation [50]. 

𝐼 (ʋ) = 𝑘1ʋ + 𝑘2ʋ0.5 =  𝐼𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝐼𝑏𝑢𝑙𝑘     (3.2) 

where k1 is the coefficient for capacitive and k2 is the coefficients for diffusion 

assisted processes, respectively. Values of k1 and k2 are estimated from the slope (k1) 

and Y-axis intercept (k2) of graph i/υ1/2 vs υ1/2. Figure 3.21 (b and c) shows the 

capacitive and diffusion-controlled contributions for Dy2S3 and rGO/Dy2S3 

electrodes. As the scan rate decreased, capacitive contribution to the total charge was 

also reduced.  
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The most charge is stored through capacitive assisted processes at all scan 

rates leading to a higher value of Cs. The rGO/Dy2S3 electrode approximately 90% of 

charge is stored through the capacitive process at a scan rate of 100 mV s−1 which 

decreases to just 23% at a scan rate of 5 mV s−1. The charge storage from the 

capacitive process is 82 and 90% for Dy2S3 and rGO/Dy2S3 electrodes, and the charge 

storage from the diffusion-controlled process is 17 and 10%, respectively. Diffusion-

controlled charge storage decreases with composition due to EDLC nature of rGO 

[21].  

 

Figure 3.21: a) Plots of log I verses log ʋ, of Dy2S3 and rGO/Dy2S3 thin film 

electrodes, and calculated charge storage by capacitive and diffusion processes for b) 

Dy2S3, and c) rGO/Dy2S3 thin film electrodes. 

3.4B.2.4 GCD Study: 

The GCD curves of Dy2S3 and rGO/Dy2S3 electrodes at a current densities 

from 3.5 to 5.5 A g−1 are shown in Figure 3.22 (a and b). At a current density of 3.5 

A g−1, the Cs values of Dy2S3 and rGO/Dy2S3 thin films are 192, and 353 F g−1, 

respectively. As the applied current density increases, there is a decrease in Cs due to 

elevated IR and time constraints for the reversible redox reaction [51]. Figure 3.22 (a 
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and b) shows the GCD plots of Dy2S3 and rGO/Dy2S3 electrodes at various current 

densities. The GCD profile exhibits a nontriangular shape and differs significantly 

from the GCD profile observed with pristine Dy2S3. This indicates that the charge 

storage mechanism results from a combination of pseudocapacitive behaviour of 

Dy2S3 and the electric double-layer capacitance (EDLC) characteristic of rGO. 

 

Figure 3.22: The GCD curves at various current densities from 3.5-5.5 A g-1 of a) 

Dy2S3, and b) rGO/Dy2S3 thin film electrodes, and c) variation of Cs with the current 

densities. 

From Figure 3.22 (b), consistent with CV analysis, the rGO/Dy2S3 electrode 

was observed highest discharge time as compared with Dy2S3 electrode and 

demonstrates excellent electrochemical performance. The non-linear (quasi-

triangular) nature observed in the charge and discharge curves unveils the 

intercalation pseudocapacitive characteristic rGO/Dy2S3 thin film [52]. Figure 3.22 

(c) illustrates the variation of Cs with current density. The enhanced electrochemical 

capacitive performance of rGO/Dy2S3 electrode as compared to pristine Dy2S3, due to 

optimized concentration of rGO used in the film composition, along with the high 

surface area facilitated by its porous microsphere-like morphology. 
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3.4B.2.5 EIS Study: 

 The EIS technique is used to evaluate resistive parameters of Dy2S3 and 

rGO/Dy2S3 thin film electrodes. Figure 3.23 (a) shows the EIS spectra and its fitted 

data of Dy2S3 and rGO/Dy2S3 thin film electrodes. The Dy2S3 and rGO/Dy2S3 thin 

film electrodes have values of Rs = 1.16 and 1.04 Ω cm−2 and Rct = 16.39, and 4.18 Ω 

cm−2, respectively. The equivalent circuit of best data fitted equivalent circuit is 

illustrated as an inset of Figure 3.23 (a). The values of Rs, Rct, CPE, and W of Dy2S3 

and rGO/Dy2S3 electrodes are determined by fitting measured data with the equivalent 

circuit, as given in Table 3.2. The EIS data reveals that rGO/Dy2S3 thin film electrode 

has lower Rs and Rct values as compared to Dy2S3. Due to the Dy2S3 composite with 

rGO it’s enhance the conductivity, surface area and better electrochemical 

performance [53].  

Table 3.2: Electrochemical impedance spectroscopic fitted circuit parameters for 

Nyquist plots of Dy2S3 and rGO/Dy2S3 thin film electrodes. 

 

3.4B.2.6 Electrochemical Stability: 

 

Figure 3.23: a) Nyquist plots of Dy2S3 and rGO/Dy2S3 thin films, (inset the fitted 

equivalent circuit for the EIS data) and b) the stability curves for Dy2S3 and 

rGO/Dy2S3 thin film electrodes. 

Sample Rs (Ω cm-2) Rct (Ω cm-2) CPE (mF) W (Ω) 

Dy2S3 1.16 16.39 0.54 2.1 

rGO/Dy2S3 1.04 4.18 0.17 0.90 



Chapter 3 

 

 102 

The electrochemical cyclic stability of Dy2S3 and rGO/Dy2S3 thin film 

electrodes are examined at 4 A g− 1 over 5,000 GCD cycles as demonstrated in Figure 

3.23 (b). The Dy2S3 and rGO/Dy2S3 thin film electrodes exhibited capacitance 

retention of 81 and 88% over 5,000 cycles, respectively.  The rGO sheets with porous 

microsphere-like particles layered architecture of the rGO/Dy2S3 electrodes shows the 

higher capacitance retention and excellent electrochemical characteristics as 

compared to Dy2S3. Because, it provided more electroactive sites for electrochemical 

reactions and randomly distributed vertical paths for electron conduction and ion 

diffusion. 

3.5 Conclusions: 

In conclusion, the porous hallow microsphere rGO/Dy2S3 composite thin film 

electrodes are prepared on SS substrates using the CBD method. rGO composite with 

Dy2S3 exhibited maximum Cs of 392 F g-1 in a 1 M Na2SO4 electrolyte at a scan rate 

of 5 mV s-1. The value of Rs and Rct is decreased for rGO/Dy2S3 electrode compared 

to pristine Dy2S3 electrode. The rGO/Dy2S3 film electrode exhibited more 

electrochemical cycling stability (88%) in comparison to the Dy2S3 film electrode 

(81%). The electrochemical results concluded that, the introduction of rGO, the 

electrochemical performance of rGO/Dy2S3 composite is enhanced as compared to 

Dy2S3. The electrochemical study of rGO/Dy2S3 electrode suggested it as a potential 

electrode material for SCs in the future. 
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4.1 Introduction: 

The composition of pseudocapacitive materials containing modified graphenes 

(rGO and GO) has been extensively studied due to their remarkable qualities, which 

include high surface area, moderate electrical conductivity, and good thermal stability 

[1].  By employing composition, various morphologies can be obtained. Furthermore, 

the combination of pseudocapacitive materials with EDLC materials is an efficient 

method of improving electrochemical cycling stability [2]. The carbonaceous 

materials used in EDLCs have a low SE [3]. Therefore, the present studies mainly 

focus on pseudocapacitive materials because of their high SE. The pseudocapacitive 

materials composition with rGO modifies surface area, improves electrical 

conductivity, and exposes more active sites to the electrolyte for redox reactions. 

Carbon composite also improves ions-diffusion rate and overall cycle life [4-6].  

Considering the above viewpoints, dysprosium selenide (Dy2Se3) and rGO 

with Dy2Se3 (rGO/Dy2Se3) thin films were synthesized using the SILAR method. The 

rGO was introduced to enhance electrochemical performance by facilitating electronic 

transport and improving cyclic stability. The electrochemical performance of Dy2Se3 

and rGO/Dy2Se3 has been evaluated and configuration of rGO/Dy2Se3//MnO2 

FSSASCs device was fabricated using MnO2 as a cathode, a composite electrode 

(rGO/Dy2Se3) as an anode, and polyvinyl alcohol (PVA)-LiClO4 gel as an electrolyte. 

4.2 Synthesis and Characterizations of Dy2Se3 and rGO/Dy2Se3 Thin Films: 

4.2.1 Introduction: 

The electrode material preparation method must be simple and adaptable to 

large-scale production. From these perspectives, the SILAR method is used to prepare 

Dy2Se3 and rGO/Dy2Se3 thin films at room temperature on flexible SS substrates. 

Dy2Se3 nanoparticles can be composited onto rGO sheets to achieve the porous 

electrode structure. This section describes the synthesis of thin films of Dy2Se3 and 

rGO/Dy2Se3. 

4.2.2 Experimental Details: 

4.2.2.1 Chemicals: 

The required chemicals such as analytical grade dysprosium nitrate 

(Dy(NO3)3), lithium perchlorate (LiClO4),  metallic selenium (Se), and sodium sulfite 
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(Na2SO3) were used as received. A SS sheet measuring 5×1 cm2 (304 grade) was used 

as a substrate and double distilled water (DDW) as a solvent. 

4.2.2.2 Preparation of Dy2Se3 Thin Films:   

For the synthesis of Dy2Se3 thin films, analytical grade (AR) chemicals 

Dy(NO3)3, metallic selenium (Se), and sodium sulfite (Na2SO3) were used. The SS 

substrates of thickness 0.4 mm (304 grade) were polished with smooth sandpaper, and 

cleaned with DDW, followed by ultrasonication for 15 min. After that, the SS 

substrate dried at room temperature. The source of Se2- ions were synthesized by 

refluxing 1 g of elemental selenium and 1.26 g Na2SO3 in 100 mL of DDW with 

constant stirring for 10 h at 343 K [7].  

The prepared solution was sealed and kept overnight, followed by filtration. 

For deposition of Dy2Se3 thin films, the SILAR method was employed at ambient 

temperature. Dysprosium nitrate solution (20 mL) of 0.05 M (pH = 4.5±0.1) was used 

as the cationic precursor and sodium selenosulphate (20 mL), 0.1 M (pH = 10±0.1) 

was used as an anionic precursor. Ultrasonically cleaned SS substrates were 

successively immersed in the cationic and anionic precursor for 10 s with in between 

rinsing in DDW for 15 s. After the reaction, substrates were rinsed in DDW for 15 s 

to remove non adherent particles on the film. Such 200 SILAR deposition cycles were 

repeated to obtain optimum film thickness.  

4.2.2.3 Synthesis of rGO/Dy2Se3 Thin Films:  

The GO was synthesized using a modified Hummer’s method, employing 

flakes of graphite bought from Sigma-Aldrich. The previously reported procedures for 

the chemical reduction of GO were followed [8]. From the Chapter 3 utilizing the 

optimized concentration of 1 mg mL-1 rGO suspension, a layer of rGO sheets was 

deposited onto the SS substrate using the layer-by-layer (LBL) method. The SILAR 

method was employed to deposit rGO/Dy2Se3 on the SS substrate.  

The pictorial representation of SILAR method used to deposit rGO/Dy2Se3 

thin film is shown in Figure 4.1 (a).  For the preparation of rGO/Dy2Se3 films, 1 mg 

mL-1 rGO suspension was used as a first beaker, and for 20 s, SS substrate was 

submerged in rGO suspension and dried for 40 s and followed by a similar process to 

deposit Dy2Se3 as described above in section 4.2.2.2. Such 200 cycles result in 

uniform rGO/Dy2Se3 composite thin film. An illustrative representation of the 
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formation of a layered structure of rGO/Dy2Se3 composite is provided in Figure 4.1 

(b). 

 

Figure 4.1: a) Schematic of SILAR method for deposition of rGO/Dy2Se3 thin film 

and b) the schematic illustration of the formation of rGO/Dy2Se3 composite. 

4.2.2.4 Material Characterizations 

4.2.2.4A Physico-Chemical Characterizations:  

All the physico-chemical characterizations of Dy2Se3 and rGO/Dy2Se3 thin 

films were performed as mentioned in section 3.3.1. 

4.2.2.4B Electrochemical Characterizations: 

The electrochemical workstation (ZIVE MP1) was utilized to analyze the 

electrochemical properties of Dy2Se3 and rGO/Dy2Se3 thin film electrodes. The 

typical three-electrode system consists of thin films of Dy2Se3 and rGO/Dy2Se3 as 

working electrodes, a saturated calomel electrode (SCE) as a reference, and a 

platinum sheet as a counter electrode. All electrodes were tested in 1 M LiClO4 

electrolyte at room temperature. 
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4.3 Results and Discussion: 

4.3.1 Growth Mechanism of Dy2Se3 and rGO/Dy2Se3 Thin Films: 

Dy2Se3 and rGO/Dy2Se3 were deposited on the SS substrate by employing 

SILAR method. A solid phase of desired material is prepared in a phased manner 

from water soluble precursors kept in separate containers using SILAR method. For 

this purpose, a substrate possessing nucleation sites was alternatively immersed in 

precursor solutions for adsorption and reaction. Ions of dysprosium (Dy3+) and 

selenium (Se2-) are produced in (Dy(NO3)3) and (Na2SeSO3) precursor solutions, 

respectively owing to dissociation process as, 

Dy(NO3)3  ↔ 3Dy+  + 3(NO3)−      (4.1) 

The selenium ion (Se2-) is produced from the sodium selenosulphate (Na2SeSO3) 

solution. The hydrolysis of Na2SeSO3 results in the generation of Se2- ions in an 

alkaline medium as, 

Na2SeSO3 + OH− → Na2SO4 + HSe−     (4.2) 

     HSe− + OH−  → H2 O + Se2−           (4.3) 

In SILAR method, preabsorbed Dy3+ ions react with Se2- ions and form insoluble 

Dy2Se3 as, 

Dy3+  + Se2−  →   Dy2Se3        (4.4) 

Multiple SILAR cycles were repeated to get optimized mass loading of Dy2Se3 on the 

substrate [9]. 

4.3.2 Physico-Chemical Characterizations of rGO, Dy2Se3 and rGO/Dy2Se3 Thin 

Films: 

4.3.2.1 XRD Study: 

A powder XRD technique was used to identify the crystal structure of the 

pristine and composite materials. Figure 4.2 shows the XRD patterns of (i) rGO, ii) 

Dy2Se3 and (iii) rGO/Dy2Se3 composite thin films. The prominent diffraction peaks 

from (011) and (302) crystallographic planes of orthorhombic Dy2Se3 are observed. 

The XRD diffraction pattern of rGO/Dy2Se3 composite is well indexed to the standard 

orthorhombic structure of Dy2Se3 (JCPDS card no. 00-030-0526). The absence of a 

diffraction peak for rGO in the composite thin film is due to the small quantity of 
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rGO. Less ordered stacking of rGO sheets in rGO/Dy2Se3 composite may be one of 

the reasons for the absence of an rGO peak. Due to the effect of composition, an 

intensity reduction and shift in the peak positions are observed.  

 

Figure 4.2: The XRD patterns of i) rGO, ii) Dy2Se3, and iii) rGO/Dy2Se3 thin films 

The high intensity peaks suggested a good crystalline structure in the 

composite. Some research articles also observed a decrease in peak intensity [10, 11]. 

The diffraction pattern of rGO contains a single peak at 24.61°, which corresponds to 

the (002) crystal plane of rGO, as presented in Figure 4.2 (i) [12]. The XRD study 

confirmed the formation of Dy2Se3 and rGO/Dy2Se3 composite film. 

4.3.2.2 FTIR Study: 

The FT-IR absorption spectra of Dy2Se3 and rGO/Dy2Se3 thin films in the 

wavenumber range of 400-4000 cm-1 are shown in Figure 4.3. The absorption bands 

at 419, 569, and 770 cm−1 correspond to Dy-Se bond from Dy2Se3 [13]. The bands at 

1634 and 1400 cm−1 correspond to -OH symmetric stretching vibrations from 

adsorbed water molecules [14]. The other absorption bands were observed at 1047 

cm−1 (starching vibration of the alkoxy group), 1351 cm−1 (-C-OH stretching), and 

2918 cm−1 (aromatic sp2 -C-H stretching) of rGO sheet [15]. The bands at 3120 and 

3471 cm−1 are attributed to -OH bending vibrations from water. The FT-IR analysis 

confirms the formation of Dy2Se3 and a composite film of rGO and Dy2Se3 
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Figure 4.3: The FT-IR spectra of i) Dy2Se3 and ii) rGO/Dy2Se3 composites. 

4.3.2.3 FE-SEM Study:  

The FE-SEM technique was employed to study surface morphology. The 

morphology of Dy2Se3 and rGO/Dy2Se3 composite thin films at the magnifications of 

10,000X and 50,000X presented in Figure 4.4 (a-d). The morphology of Dy2Se3 and 

rGO/Dy2Se3 in Figure 4.4 (a and d) shows the formation of irregular grains over the 

SS surface. Figure 4.4 (a) shows a sizeable porous structure with multiple voids. The 

graphene sheets are observed in Figure 4.4 (d). It is observed that Dy2Se3 is anchored 

on rGO sheets. Figure 4.4 (e and f) show the morphology of rGO thin films at the 

magnifications of 10,000X and 20,000X. The FE-SEM images observed the graphene 

sheets. The rGO/Dy2Se3 composite thin film formation is confirmed by the FE-SEM 

images. After the introduction of rGO in the synthesis process, a 2D layered structure 

is formed, which will facilitate easy ion transport to embedded nanoparticles in the 2D 

rGO sheets [16, 17]. 
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Figure 4.4: The FE-SEM images of a-b) Dy2Se3, c-d) rGO/Dy2Se3 at magnifications 

of 10,000X, and 50,000X, and e-f) rGO thin films at magnifications of 10,000X and 

20,000X. 

4.3.2.4 Raman Study: 

FT-Raman spectroscopy is a powerful technique for studying and analyzing 

samples involving chemical bonds present in pristine or composite materials. Figure 

4.5 shows the Raman spectra of pristine Dy2Se3 and rGO/Dy2Se3 composite thin 

films. Two broad peaks at 243 and 261 cm-1 are ascribed to Dy-Se bonding, and the 

small peak at 490 cm−1 is the overtone of the peak at 243 cm−1 [15]. 

In the Raman spectrum of rGO/Dy2Se3 sample, D and G peaks at 

wavenumbers of 1334 and 1604 cm-1
 confirm the presence of rGO and the formation 

of a composite thin film. The D and G bands are related to sp3 and sp2-hybridized 

carbon atoms in the regular honeycomb lattice, respectively. sp3 hybridized carbon in 

rGO indicates attachment of functional groups such as -OH, -COOH.  
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Figure 4.5: The Raman spectra of i) Dy2Se3 and ii) rGO/Dy2Se3 composites. 

A key factor in determining the relative abundance of disordered domains in 

the graphene lattice is the (ID/IG) ratio. A higher ratio signifies fewer sp2 domains and 

more disorders or defects [18]. In the present work, for rGO/Dy2Se3, the relative 

intensity ID/IG of 1.27 confirms moderate disorder and the formation of a few layers of 

rGO stacked between Dy2Se3 layers.  

4.3.2.5 EDAX Study: 

The EDAX spectra for Dy2Se3 and rGO/Dy2Se3 composite film are shown in 

Figure 4.6 (a and b), respectively. The EDAX spectrum (Figure 4.6 (a)) reaffirms 

the presence of elements Dy and Se in Dy2Se3 thin film. Atomic percentages of Se and 

Dy elements in Dy2Se3 film are 64% and 36%, respectively, with Dy: Se atomic ratio 

of 1:1.77. The elemental ratio diverts from the ideal value (1:1.5) due to excess 

selenium. Figure 4.6 (b) shows the EDAX spectrum of rGO/Dy2Se3 composite thin 

film.  

The atomic ratio in the composite thin film of rGO/Dy2Se3 varies from the 

ideal value (1:2). The atomic percentages of Dy, Se, C, and O are 24.94, 37.56, 28.92, 

and 8.58%, respectively. The observed atomic percentage of elements determined 

from the EDAX spectrum, confirm the formation of the Dy2Se3 and rGO/Dy2Se3 

composite thin films. 
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Figure 4.6: The EDAX spectra of a) Dy2Se3, and b) rGO/Dy2Se3. 

4.3.2.6 BET Study:  

The BET surface analysis was used to measure the specific surface area and 

pore size distribution of Dy2Se3 and rGO/Dy2Se3 composite thin films. The N2 

sorption isotherms of Dy2Se3 and rGO/Dy2Se3 composite are of a type-V with H2 

hysteresis loop as presented in Figure 4.7 (a and b). The BJH method was used to 

analyze the electrodes average pore diameter. The results are shown in Figure 4.7 (c). 

The specific surface areas of Dy2Se3 and rGO/Dy2Se3 are 7 and 18 m2 g−1, 

respectively. These results show that incorporating rGO nanosheets into Dy2Se3 thin 

films effectively increases the surface area [19].  

These results suggest that the specific surface area is improved by the 

combination of pseudocapacitive material and rGO sheets. The observed mean pore 

diameters of Dy2Se3 (58 nm) and rGO/Dy2Se3 (36 nm) (Figure 4.7 (c)) indicate the 

presence of a mesoporous structure. After composition, the average mean pore 

diameter of rGO/Dy2Se3 is smaller than that of Dy2Se3 may lead to rise in specific 

capacitance as compared to Dy2Se3. 
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Figure 4.7: The N2 adsorption−desorption isotherms of a) Dy2Se3, and b) 

rGO/Dy2Se3, and c) pore size distributions of Dy2Se3, and rGO/Dy2Se3. 

4.3.2.7 Contact Angle Study: 

Contact angle measurement is a simple method to evaluate wettability of solid 

surfaces. The contact angle depends on the topography of the film. A lower contact 

angle helps to create intimate contact with aqueous electrolytes. If the surface is 

hydrophilic, less the contact angle value (θ < 90°).  

If the surface is hydrophobic, the contact angle value (θ > 90°). The contact 

angle images of Dy2Se3 and rGO/Dy2Se3 thin films are illustrated in Figure 4.8 (a 

and b). The contact angle values of Dy2Se3 and rGO/Dy2Se3 composite films are 62° 

and 46°. The rGO/Dy2Se3 composite thin film exhibits more hydrophilic nature as 

compared to Dy2Se3. The hydrophilic nature of the surface is beneficial for high SC 

performance [20]. Various reports are available on rare earth chalcogenide films for 

hydrophilic nature, such as Bagwade et al. [21] observed 50° contact angle for Dy2S3 

electrode synthesized using SILAR method. Ubale et al. [22] reported an angle of 57° 

for SILAR synthesized Yb2S3 film.  
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Figure 4.8: Water contact angle photographs of a) Dy2Se3 and b) rGO/Dy2Se3 thin 

films. 

4.3.3 Electrochemical Characterizations of Dy2Se3 and rGO/Dy2Se3 Thin Films: 

4.3.3.1 Electrochemical Study of Dy2Se3 and rGO/Dy2Se3 Thin Films: 

4.3.3.1A CV Study:  

 

Figure 4.9: The CV curves of a) Dy2Se3, b) rGO/Dy2Se3 at various scan rates from 5-

100 mV s-1, and c) variation of Cs with the scan rate for Dy2Se3 and rGO/Dy2Se3 thin 

film electrodes. 
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The CV analysis of Dy2Se3, and rGO/Dy2Se3 was used to study redox 

reactions occurring at the electrode/electrolyte interface at different scan rates in a 

potential window of -1.0 to 0 V/SCE. The CV curves of Dy2Se3 and rGO/Dy2Se3 

composite electrodes at different scan rates (5 to 100 mV s−1) are presented in Figure 

4.9 (a and b), respectively. At 5 mV s−1, the Cs of the pristine Dy2Se3 electrode is 147 

F g−1, while that of rGO/Dy2Se3 composite electrode is 289 F g−1.  

The CV curves show that the integral area is larger than the pure Dy2Se3. As 

the scan rate goes up, the Cs of both electrodes decreases due to the less time available 

for redox reactions at a higher scan rate. Because there was enough time for 

electrolyte ions to interact with the electrode at the low scan rate, well-defined peaks 

were observed [23]. Electrochemical characterization of rGO reported in Chapter 3, 

section 3.4B.2.1.  

In the case of rGO/Dy2Se3 composite electrode, the synergistic effect between 

Dy2Se3 and rGO nanosheets leads to the maximum area under CV curves and a rise in 

the peak current, which signifies enhanced capacitive performance. A comparative Cs 

value of rGO/Dy2Se3 and Dy2Se3 electrodes at various sweep rates is presented in 

Figure 4.9 (c). The total charge stored by the electrode is classified into two types: 

diffusion-controlled charge storage and surface-controlled charge storage. These 

mechanisms are associated with the location of redox reactions at or inside the 

electrode [24]. After the electrolyte ions have been electro-adsorbed onto the 

electrode surface, surface redox processes take place. The charge storage kinetics of 

Dy2Se3 and rGO/Dy2Se3 were determined using power law equation [25], 

𝐼𝑝 = 𝑎ʋ𝑏        (4.5) 

where 𝐼𝑝 (A g−1) is the current density measured at the potential of -1.0 to 0 

V/SCE, υ (mV s−1) is a scan rate, and a and b are the adjustable variables. Figure 4.10 

(a) shows log I vs. log υ graph, which gives b-values for Dy2Se3 (0.69) and 

rGO/Dy2Se3 (0.89). Capacitive and diffusion-controlled charge storage mechanisms 

contribute to complete charge storage. The following equation is used to distinguish 

these two charge storage methods: 

𝐼(ʋ) = k1ʋ + k2ʋ0.5 =  𝐼surface + 𝐼bulk    (4.6) 

where k1 and k2 are constant coefficients. k1ʋ represents the current from the 

capacitive, and k2ʋ0.5 is the current contribution from the diffusion-controlled process.  
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Figure 4.10: a) Plot of log I vs log υ, and contribution of capacitive and diffusion-

controlled currents with scan rates of b) Dy2Se3 and c) rGO/Dy2Se3 composite 

electrode. 

According to charge storage distribution, the total charge stored by Dy2Se3 and 

rGO/Dy2Se3 electrodes was evaluated using (Equation 4.6). The charge contribution 

plots of Dy2Se3 and rGO/Dy2Se3 at various scan rates are shown in Figure 4.10 (b 

and c), respectively. For Dy2Se3 and rGO/Dy2Se3 electrodes, charge storage from the 

capacitive process is 39 and 88%, and from the diffusion-controlled process, it is 61 

and 12%, respectively. The decrease in diffusion-controlled charge storage with 

composition is associated with the EDLC nature of rGO. It is observed that the charge 

contribution of pseudocapacitance increases when the scan rate gradually decreases. 

The low scan rate benefits the electronic embedding process for energy storage [26].  

4.3.3.1B GCD Study: 

The GCD analysis was conducted to study the charge-discharge behaviour of 

Dy2Se3 and rGO/Dy2Se3 composite electrodes. Figure 4.11 (a and b) present GCD 

profiles of Dy2Se3 and rGO/Dy2Se3 composite electrodes at different current densities 

of 4 to 8 A g−1. The obtained 𝐶s of 210 F g−1 at 4 A g−1 current density for 

rGO/Dy2Se3 composite thin films is larger than 𝐶s of Dy2Se3. The calculated values of 

𝐶s for both electrodes from GCD plots at various current densities are displayed in 
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Figure 4.11 (c). With rising current densities, the 𝐶s of both electrodes showed a 

decreasing tendency.  

 

Figure 4.11: The GCD curves of a) Dy2Se3, and b) rGO/Dy2Se3 at different current 

densities from 4-8 A g-1 and c) variation of Cs with charge-discharge current density. 

4.3.3.1C EIS Study: 

The interface charge transport properties of the electrode materials are 

analysed using the EIS technique conducted between 0.01 Hz and 0.1 MHz in 

frequency. Figure 4.12 (a) represents Nyquist plots of Dy2Se3 and rGO/Dy2Se3 

composite electrodes, and Figure 4.12 (b) is the enlarged view. The resistance of 

rGO/Dy2Se3 electrode has been far smaller than that of Dy2Se3. The electrochemical 

performance of rGO/Dy2Se3 electrode depends on charge transfer resistance (Rct), 

constant phase element (CPE), and Warburg impedance (W). The Nyquist plots were 

simulated with Z-View software, and the fitted circuit is shown in Figure 4.12 (c). 

The electrical equivalent circuit is composed of four parameters Rs, Rct, CPE, 

and W [27, 28]. The observed values of Rs, Rct, CPE, and W are 2.49 Ω cm-2, 178 Ω 

cm-2, 0.80 F, and 0.91 Ω for Dy2Se3 and 1.81 Ω cm-2, 4.01 Ω cm-2, 0.93 F, and 0.42 Ω 

respectively, for rGO/Dy2Se3 electrode. Generally, the Rs of the electrode is indicated 
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by the intersecting points on the real axis at higher-frequency regions. This is the 

electrochemical contact resistance of the electrode between a current collector and an 

electrolyte.  

The Rct is represented by the semicircle at a high frequency region within the 

electrode materials. The capacitive performance of the electrode described by CPE is 

one of the most common circuit elements representing deviations from ideal 

capacitive behaviour. A linearly inclined line in the Nyquist plot represents W 

associated with diffusion resistance [29]. 

 

Figure 4.12: Nyquist plots of a) Dy2Se3 and rGO/Dy2Se3 electrodes, b) magnified 

Nyquist plot and c) the fitted equivalent circuit from the EIS data. 

Table 4.1: Electrochemical impedance spectroscopic data of Dy2Se3 and rGO/Dy2Se3 

composite thin films. 

Parameters Rs (Ω cm-2) Rct (Ω cm-2) CPE (F) W (Ω) 

Dy2Se3 2.49 178 0.80 0.91 

rGO/Dy2Se3 1.81 4.01 0.93 0.42 
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4.3.3.1D Stability Study: 

The cyclability of Dy2Se3 and rGO/Dy2Se3 at the current density of 7 A g−1 for 

5000 GCD cycles. Figure 4.13 (a and b) show the Cs retention and Coulombic 

efficiency variation with electrochemical cycles of Dy2Se3 and rGO/Dy2Se3 composite 

electrodes, respectively. It is noted that rGO/Dy2Se3 composite electrode shows better 

retention than Dy2Se3. The capacitive retention and Coulombic efficiencies are 84 and 

89% for Dy2Se3 and 89 and 98% for rGO/Dy2Se3, respectively. 

 

Figure 4.13: Stability curves of a) Dy2Se3 and b) rGO/Dy2Se3 thin film electrodes. 

4.4 Conclusions: 

In summary, Dy2Se3 and rGO/Dy2Se3 composites were successfully prepared 

by SILAR method. The capacitance of Dy2Se3 was effectively improved due to the 

composition of rGO nanosheets. This study concludes that the binder less composition 

of Dy2Se3 with rGO affects the structural, morphological, and electrochemical 

properties of Dy2Se3. The rGO/Dy2Se3 composite thin film showed orthorhombic 

crystal structure, hydrophilic nature, and a porous nanoparticle morphology. The 

composite rGO/Dy2Se3 electrode exhibited an excellent specific surface area of 18 m2 

g-1 compared to that of 9 m2 g-1 for bare Dy2Se3. The Dy2Se3 and rGO/Dy2Se3 

composite electrode delivered a Cs of 147 and 289 F g−1, respectively at a 5 mV s−1 

scan rate. The rGO/Dy2Se3 composite electrode exhibited remarkable cycling stability 

of 89% up to 5000 cycles. The enhanced electrochemical activity was due to the 

synergetic effect between rGO and Dy2Se3 electrode. This study highlights the 

intriguing potentials of the designed rGO/Dy2Se3 composite as a promising material 

for manufacturing flexible supercapacitors with high SE. 
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5.1 Introduction: 

Nowadays, the fossil fuel and organic chemical compound consumption has 

grown significantly due to on-going industrialization, rapid urbanization, and 

technological advancements that contribute to global ambient air pollution. The 

atmospheric pollutants that are NO2, NO, NH3, H2S, CO, CO2, Cl2, SO2, CH4, and 

volatile organic compounds (VOCs) [1]. These pollutants have affected the human 

health and the environment when exposure levels are higher than advised. Due this, 

we need the gas sensors should detect multiple gases simultaneously with excellent 

sensitivity and selectivity [2, 3]. Among various air pollutants, The World Health 

Organization (WHO) has widely acknowledged NO2 emissions in its air pollution 

guidelines. Wherein higher concentrations of NO2 is considered as one of the 

hazardous pollutants [4, 5]. 

NO2 is a reddish-brown gas with a strong smell that is produced at high 

temperatures during nitrogen and oxygen combustion processes [6, 7]. These 

processes can be found in power plants, vehicle engines, industrial facilities, and 

residential heating systems. Furthermore, lightning and soil microbial activity 

naturally release it and toxic to both humans and animals. Inhalation of NO2 can cause 

respiratory problems [8]. It also contributes significantly to the formation of 

secondary particulate matter (PM2.5) and ground-level ozone (O3). These 

contaminants lead to the smog formation, reduced visibility, and harmful 

consequences on the environment and human health.  

In general the most of the gas sensors based on the metal oxide 

semiconductors because of its superior ability to detect a variety of dangerous gases, 

including CO, H2S, NO2, and NH3. However, their long response/recovery times and 

lack of stability are still significant unsolved drawbacks to the large-scale 

implementation of these technologies [9]. In this regard, particularly transition-metal 

sulphides have unique properties that make them attractive for gas sensing 

applications [10, 11]. 

This chapter deals with the preparation of hollow microspherical Dy2S3 and 

rGO/Dy2S3 composite thin films via CBD method.  Further, the gas sensor fabricated 

using Dy2S3 and rGO/Dy2S3 are evaluated for 423 K and  room temperature (RT) (300 
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K) operated NO2 sensor respectively. Furthermore, the gas sensing parameters like 

selectivity, sensitivity, stability, response-recovery are studied.  

5.2 Synthesis and Characterization of Dy2S3 and rGO/Dy2S3: 

5.2.1 Experimental Details: 

5.2.1.1 Chemicals: 

The required chemicals are mentioned earlier in Chapter-3, section 3.2.2, 

subsection 3.2.2.2. 

5.2.1.2 Synthesis of Dy2S3 and rGO/Dy2S3: 

The synthesis of Dy2S3 and rGO/Dy2S3 thin films was carried out using CBD 

method as illustrated in Chapter 3, section 3.2.2, subsection 3.2.2.4 and 3.2.2.5. The 

6 h deposited Dy2S3 and rGO/Dy2S3 composite thin films on glass substrate are carry 

forwarded to physico-chemical characterizations and gas sensing test. 

5.2.1.3 Materials Characterization: 

All the physico-chemical characterizations of Dy2S3 and rGO/Dy2S3 thin films 

were performed as mentioned in Chapter 3, section 3.3, and subsection 3.3.1. 

5.2.2 Results and Discussion:  

5.2.2.1 XRD Study:  

 

Figure 5.1: The XRD patterns of i) Dy2S3, and ii) rGO/Dy2S3. 
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The XRD analysis is used to investigate the crystal structure of the Dy2S3 and 

rGO/Dy2S3 thin films. Figure 5.1 displayed the XRD patterns of i) Dy2S3 and ii) 

rGO/Dy2S3 thin films. Figure 5.1 (i) the Dy2S3 showed characteristic peak at 2θ of 

23.39°, and other peaks at 21.70°, 26.57°, corresponding to planes of (401), (102), 

and (211). All of the diffraction peaks are correlated with standard JCPDS card no. 

00-020-1033 and consistent with the formation of the monoclinic phase of the Dy2S3.  

From Figure 5.1 it is seen that, the diffraction peaks are sharp and intense, 

which is indicating a high crystalline structure. But in XRD pattern of rGO/Dy2S3 

composite (Figure 5.1 (ii)), the intensity of peak is slightly decreased as compared to 

Dy2S3 due to the effect of composition [12]. Figure 5.1 (ii) the observed small 

broader peak for (002) at 24.98° is associated with rGO [13]. According to the XRD 

analyses confirm the formation of Dy2S3 and rGo/Dy2S3. 

5.2.2.2 FE-SEM Study: 

 

Figure 5.2: FE-SEM images of a) Dy2S3 and c) rGO/Dy2S3 at the magnification of 

10,000x and b) Dy2S3 and d) rGO/Dy2S3 at the magnification of 20,000 x. 

The surface morphology of pure Dy2S3 and rGO/Dy2S3 composite thin films is 

analysed using the FE-SEM technique. FE-SEM images of Dy2S3 and rGO/Dy2S3 at 

varying two magnifications (10,000 and 20,000x) are displayed in Figure 5.2. From 

the figure, it shows that, the Dy2S3 hollow microsphere like particles are uniformly 
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spread over the surface of the glass substrate. In rGO/Dy2S3, Figure 5.2 (c and d) 

shows the rGO sheets stacked and intercalated between the Dy2S3 hollow microsphere 

particles. Also, same morphology on SS substrate observed in Chapter 3, subsection 

3.4A.1.4. There is no change observed in morphology of Dy2S3 and rGO/Dy2S3 

prepared on SS and glass substrate. The detailed discussion given in section 3.4A.1, 

subsection 3.4A.1.4. 

5.2.2.3 FT-IR Study: 

 The FTIR study of Dy2S3 and rGO/Dy2S3 composite thin films are given in 

Chapter 3, subsection 3.4A.2.2. 

5.2.2.4 Raman Study: 

 The Raman study of Dy2S3 and rGO/Dy2S3 composite thin films are given in 

Chapter 3, subsection 3.4A.2.6. 

5.2.2.5 EDAX Study:  

 The EDAX study of Dy2S3 and rGO/Dy2S3 composite thin films are presented 

in Chapter 3, subsection 3.4A.2.4. 

5.2.2.6 XPS Study:  

 The XPS study of Dy2S3 and rGO/Dy2S3 composite thin films are given in 

Chapter 3, subsection 3.4A.2.5. 

5.2.2.7 BET Study:  

 The BET study of Dy2S3 and rGO/Dy2S3 composite thin films are given in 

Chapter 3, subsection 3.4A.1.7 and 3.4A.2.8. 

5.2.3: Experimental Setup for Gas Sensor Studies: 

A schematic illustration of the experimental setup for the gas sensor is 

provided in Chapter 2 (Figure 2.17). The gas response characteristics of Dy2S3 and 

rGO/Dy2S3 composite were measured using a specially designed home built static gas 

sensing analysis system. The gas detecting system is made up of an airtight stainless 

steel gas chamber with a gas-swept volume of 315 cm3, provision for gas inlet and 

outlet, adjustable contact probe for holding sensor with a heating coil connected to a 

temperature controller. A computer-controlled Keithley 6514 electrometer, integrated 
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with a data acquisition system, was connected to the external leads of the sensor 

element to record the resistance response during the entry and exit of the target gas.  

All gas sensing measurement tests were conducted at optimised temperature. 

Two movable contact probes on the sensor holder were used to hold the sensor 

element placed inside the airtight gas chamber. The silver paste and conducting gold 

press contact were used to made probe connections on both ends of the sensor 

element. For each test gas response measurement, the surface area of the gas sensor 

that comes into contact with the target gas was kept at 1 cm2.  

To get a steady state of sensor functioning, implanted sensor element a thermo 

controller warmed the implanted sensor element was preheated at the rated operating 

temperature through a thermo controller for 30 min. After calibrating the sensor 

element, the airtight gas chamber was closed, and in the gas sensor assembly the 

known volume of target gas was injected with it. A Keithley 6514 electrometer 

connected with computer control was used to record the variation in the resistance of 

the sensing element over time. After a steady resistance value was achieved, and then 

the ambient air was evacuated from the gas chamber to retain initial sensor resistance.  

The percentage (%) of gas response (S) was determined using the formula 

provided in Chapter 2, (Equation 2.22), where Ra and Rg represent the sensor's 

resistance in air and after gas exposure, respectively. The response time is the time 

required for the sensing element's resistance to change by 90% of its total resistance 

after the test gas is introduced. Whereas recovery time is the time required for the 

sensors resistance to restore to 90% of its original value once the test gas is removed 

[14]. 

5.3 NO2 Gas Sensor Performance Evaluation of Dy2S3 and rGO/Dy2S3 Composite 

Thin Films:  

5.3.1 Results and Discussion: 

5.3.1.1 Effect of Operating Temperature: 

The gas sensor obtain maximum response, the operating temperature is a vital 

parameter. Thus, it's necessary to determine the ideal operating temperature of the 

Dy2S3, the performance of Dy2S3 gas sensor is investigate to exposed 100 ppm of NO2 

at different operating temperatures (323 to 473 K). The gas response increases with 

rising operating temperature. The maximum gas response is obtained at 423 K and 
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after rise in working temperature the gas response decreased by decreasing gas 

molecule adsorption on the sensor surface [7]. The obtained maximum gas response 

of Dy2S3 is 23.43% at an optimized operating temperature of 423 K. Which are 

significantly lower than rGO/Dy2S3 (36.08 %) at RT. 

In this case, the rate of the chemical reaction limits the sensor response at low 

temperatures. However, the diffusion rate of gas molecules restricts it at higher 

temperatures by the low diffusion depth and began to decrease. The maximum sensor 

response occurs when the rates of the two processes become equal leading at 

intermediate temperature. Therefore, in this instance, 423 K is selected as the ideal 

operating temperature for Dy2S3, as that temperature at which the sensor response 

reaches its maximum value. As a result, it has been identified that 423 K is the ideal 

operating temperature for Dy2S3 sensors [15, 16]. 

5.3.1.2 Resistance Stabilization Study:  

 

Figure 5.3: Initial resistance stabilization curve of a) Dy2S3 and b) rGO/Dy2S3 

composite. 

To maintain a stable reference resistance level before exposure to the target 

gas, it is crucial to stabilize sensor element resistance in the ambient atmosphere. 

Thus, the change in sensor element resistance with time was monitored 
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before exposure to the target gas. The typical stabilization curves of Dy2S3 at 423 K 

and rGO/Dy2S3 at RT are displayed in Figure 5.3. At the beginning of the 

stabilization period, the resistance of all the sensor elements decreases during the 

initial 15 min and attain a stable value. The baseline resistances for the Dy2S3 at 423 

K and rGO/Dy2S3 are 2.5 and 1.8 GΩ, respectively. Thus, prior to sensing tests, the 

sensor elements are stabilized for 30 min before exposure to the target gas [17].  

5.3.1.3 Selectivity Study: 

The Dy2S3 and rGO/Dy2S3 sensors are exposed to different gases (NO2, SO2, 

Cl2, NH3, CO, and H2S for 100 ppm at 423 K and RT to determine the ability to detect 

specific NO2 gas. Figure 5.4 displays the corresponding selectivity responses for 

different gases. Numerous factors, including operating temperature, the sensors 

surface catalytic functionality, and the concentration and energy of interference gas, 

which all influence the selectivity of the sensor.  

 

Figure 5.4: The bar chart shows the variation of response of Dy2S3 at 423 K, and 

rGO/Dy2S3 composite sensor at RT for 100 ppm of six different target gases. 

The Dy2S3 and rGO/Dy2S3 sensors superior selectivity can be attributed to the 

various interactions that occur between the sensor surface and the adsorbed gas. The 

rGO/Dy2S3 composite sensor exhibited greater selective response at RT towards NO2 

gas, when compared to the Dy2S3 sensor operating at its optimal temperature of 423 
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K. Furthermore, because of the NO2 molecules have a stronger electron affinity than 

other interference gases, they can be easily chemisorbed and accept electrons directly 

from the sensor surface. This leads to the high selectivity towards NO2. 

5.3.1.4 Response and Resistance vs Time Transient Study:  

As seen in Figure 5.5 (a and b), the resistance vs. time behaveour and gas 

response transients of Dy2S3 at 423 K and rGO/Dy2S3 at RT are examined upon 

exposure of 100 ppm NO2. To determine baseline resistance, the sensor element was 

maintained at its working temperature for 30 minutes. Subsequently, gaseous NO2 

was systematically injected into the test gas chamber. In the test chamber, NO2 gas 

was replaced with air to recover the test sensors baseline resistance.  

 

Figure 5.5: Response and resistance vs time transients of a) Dy2S3, and b) rGO/Dy2S3 

composite for 100 ppm NO2. 

When Dy2S3 and rGO/Dy2S3 composite sensors are exposed to NO2 gas, there 

is an immediate decrease in their resistance. The resistance decreases, which means 

oxidizing nature of NO2 gas molecules absorb electrons from the surface [18]. This is 

confirming the p-type semiconducting behaviour of Dy2S3 and rGO/Dy2S3 composite 

when exposed to NO2 gas on the gas sensors surface [18, 14]. At RT, rGO/Dy2S3 
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sensor shows a gas response of 36.08 %, which are significantly higher than Dy2S3 

sensor (23.43 %).  

The higher gas responses of rGO/Dy2S3 composite can be attributed to the 

larger surface area, formation of high surface area mesoporous anchored 

interconnected rGO sheets morphology which gives enables abundant active gas 

interaction sites and high adsorption energy mesoporous provide more surface 

reaction sites to improving NO2 sensing performance. The decreased Dy2S3 gas sensor 

performance (23.43 %) is attributed to the low specific surface area. The observed gas 

sensor performances highlight the introduction of optimized concentration of 

rGO to enhance the as sensor performance of rGO/Dy2S3 composite sensor. 

5.3.1.5 Sensitivity Study: 

The gas responses of Dy2S3 and rGO/Dy2S3 composite sensors were measured 

for a range of trace concentrations (1, 10, 50, and 100 ppm) of NO2 to assess their 

ability to react minute traces of NO2. The sensitivity of the sensor is determined using 

Equation 2.22 (Chapter 2) shown in Figure 5.6 [17]. In Figure 5.6 (a and b), the 

Dy2S3 and rGO/Dy2S3 composite sensors exhibit a significant gas response for 

different trace concentrations of NO2. When exposed to varying NO2 concentrations, 

the rGO/Dy2S3 composite sensors along with pristine Dy2S3 exhibit an immediate 

resistance change, showing a quick response following the introduction of the target 

analyte and outstanding recovery of sensor resistance after gas removal.  

After the removal of NO2, Dy2S3 and rGO/Dy2S3 composite sensors exhibit 

complete recovery of baseline resistance and exhibit linear response behaviour for 

concentrations between 1 and 100 ppm. The NO2 gas sensitivity of Dy2S3 is increased 

2.51 to 23.43% and rGO/Dy2S3 is 7.59 to 36.08% as the increasing NO2 concentration 

1.0 to 100 ppm respectively.  

The rGO/Dy2S3 composite sensors exhibit the largest gas responses at 100 

ppm concentration, because the rapid oxidation reaction due to gas molecules 

covering the more sensor surface at a higher concentration. The higher concentrations 

over 100 ppm are prevented in the sensor tests because handling higher NO2 

concentrations could lead to occupational hazards.  
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Figure 5.6: The dynamic response curves of a) Dy2S3, and b) rGO/Dy2S3 composite 

sensor exposed to various NO2 concentrations (1.0, 10, 50, and 100 ppm). 

5.3.1.6 Long-term Stability Study:  

Furthermore, the rGO/Dy2S3 composite sensor was kept for an extended 

period of 40 days to evaluate its long-term stability. The sensors performance was 

subsequently evaluated after a 10 days interval for exposure to 100 ppm NO2 as 

shown in Figure 5.7. The rGO/Dy2S3 composite sensor shows almost identical 

responses for the 40 days attributed to its RT operation. After 30 days, the negligible 

change in sensor performance due to the sensor surface may have become slightly 

oxidized [19, 20]. 



Chapter 5 

 

  135 
 

 

Figure 5.7: Long-term stability of rGO/Dy2S3 composite sensor exposed to 100 ppm 

NO2 for 40 days (every 10 days). 

 5.3.1.7 Response and Recovery Time Study: 

The rapid sensing capability of Dy2S3 and rGO/Dy2S3 sensors for detecting 

NO2 gas was evaluated by measuring their response and recovery times. The Dy2S3 

and rGO/Dy2S3 composite sensor, interestingly, show response times of less than 20 

and 15 s above 1 ppm of NO2 exposure, indicating their rapid gas sensing capability. 

The minimal difference in response time of rGO/Dy2S3 composite suggests their 

highly adsorptive nature towards NO2, attributed to their highly mesoporous, rGO 

sheet interconnected sheet-like microstructure [21]. Interestingly, the Dy2S3 and 

rGO/Dy2S3 composite sensors exhibit complete recovery for all tested concentrations 

of NO2, with recovery times under 19 and 17 s  for concentrations below 100 ppm.  

The beneficial effects of rGO intercalation can be observed by the enhanced 

response of rGO/Dy2S3 composite sensor compared to pristine Dy2S3. Indicating the 

NO2 is adsorbed and desorbs rate on the sensing element surface very quickly. The 

significantly higher response-recovery characteristic of the rGO/Dy2S3 composite 



Chapter 5 

 

136 
 

sensor can also be attributed to its abundant chemically interactive mesopores, 

increased surface area and RT operation.  

5.3.1.8 Gas Sensing Mechanism:  

The sensing mechanism of chemiresistive sensors depends on the modulation 

of electrical resistance or resistivity through alterations in charge carrier concentration 

upon exposure to the target gas. Figure 5.8 displays a schematic representation of the 

NO2 sensing mechanism of rGO/Dy2S3 composite sensor. In sensing mechanism, 

oxygen plays important role. The change in charge carrier concentration is mostly 

caused by redox reactions between the exposed gas and preadsorbed surface oxygen 

species or directly on the sensors surface. Typically, these phenomena are 

temperature-activated processes that require elevated temperatures to occur. 

In the case of Dy2S3 sensor, the oxygen molecules are adsorbed on the sensor 

surface at an operating temperature of 423 K and capture the electrons from the 

semiconductor conduction band, causing its ionosorption in molecules (𝑂2
−) and 

atoms (O-, O2-) forms [22]. The following is an explanation of the adsorption 

kinematics [23].  

𝑂2(𝑔)   →   𝑂2(𝑎𝑑)       (5.1) 

𝑂2(𝑎𝑑)  +  𝑒−  →   𝑂2(𝑎𝑑)
−  (T < 100°C)     (5.2) 

𝑂2(𝑎𝑑)
−  +  𝑒−  →   2𝑂(𝑎𝑑)

−  (100°C < T < 300°C)    (5.3) 

𝑂(𝑎𝑑)
−  +  𝑒−  →   𝑂(𝑎𝑑)

2−  (T > 300°C)     (5.4) 

Here, the operating temperature is 423 K, Dy2S3 sensor is exposed to strong 

oxidizing NO2 gas, it reacts with ionosorbed oxygen ions resulting the formation of 

adsorbed NO2 (ads) [24] as follows: 

𝑁𝑂2 +   2𝑂−  ↔  𝑁𝑂2
−2  +  𝑂2     (5.5) 

𝑁𝑂2 +  𝑒−      ⇌     𝑁𝑂2
−        (5.6) 

In the case of rGO/Dy2S3 composite sensor at RT, on the surface of the 

rGO/Dy2S3 composite sensors, 𝑂2
− is the dominant chemisorbed oxygen species and 

NO2 sensor reactions as follow: 

𝑁𝑂2  +   𝑂2
−  ↔   𝑁𝑂2

−   + 𝑂2           (5.7) 

𝑁𝑂2  +  𝑒−  ⇌  𝑁𝑂2
−        (5.8) 
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Above equations, the strongly oxidizing NO2 gas reacts with rGO/Dy2S3 

sensor surface by trapping electrons from it and reacting either directly with the 

sensor surface or with chemisorbed oxygen species to form chemisorbed NO2 species. 

Consequently, when electron transfer reactions occur, then holes in the p-type 

rGO/Dy2S3 sensor increased, leading to raise to an increasing concentration of charge 

carriers. As a result, rGO/Dy2S3 sensors resistance drops and its conductivity rises 

[25-27]. 

 

Figure 5.8: Schematic of NO2 gas sensing mechanism of rGO/Dy2S3 composite 

sensors. 

5.4 Conclusions: 

The simple and cost effective CBD method was employed to successfully 

synthesized a Dy2S3 and rGO/Dy2S3 composite thin films at 363K with hollow 

microsphere like structure to sense gaseous NO2 at 423 K and RT, respectively. The 

rGO/Dy2S3 sensor exhibited excellent selectivity (36.08%) towards NO2 gas amongst 

the other interfering gases as compared Dy2S3 (23.43%) sensor. The rGO composition 

with Dy2S3 significantly affects the NO2 sensing performance. The introduction of 

optimized concentration of rGO in Dy2S3 it led to increases surface area and hollow 

microsphere Dy2S3 particles with anchored rGO sheets-network morphology which 

provides plenty of chemically active gas adsorption-desorption sites, superior carrier 

transportation. These results demonstrate that rGO/Dy2S3 composite can be used to 

develop an RT gas sensor with excellent surface adsorptive characteristics for 

effective NO2 gas sensing. 
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6.1 Introduction: 

Technological advancement has accelerated energy consumption. As a result, 

different energy storage devices are required for various instruments in modern 

technology such as healthcare, intelligent devices, micro-robotics, smartphones, 

flexible touchscreen displays, electronic skin, implantable medical devices, etc. 

Because of this, the need for flexible energy storage devices has increased and 

attracted tremendous research interest [1, 2]. Together with secondary batteries, 

flexible SCs have received a lot of attention due to their rapid charging, robust 

mechanical flexibility, long life, light weight, high operating voltage, superior safety, 

ability to provide required power density in a wide range of temperatures, and nearly 

constant performance even with mechanical deformation states [3-5]. Considering the 

above qualities of flexible SCs, the implementation of flexible SCs in wearable and 

flexible appliances has increased in the recent past. Therefore, the fabrication of 

flexible SCs has been an attractive research topic in recent years. 

In recent years, researchers have developed different materials using rare earth 

metal chalcogenides (REMC) for electrochemical charge storage. In energy storage 

systems, the specific capacitance (Cs) of REMC electrode materials is relatively low 

compared to other transition metal chalcogenides because of their characteristics, such 

as their lower surface area and larger molecular weight. Therefore, the REMC has 

been composited with carbonaceous materials to overcome these limitations. The 

composition with carbon allotropes modifies surface area, improves electrical 

conductivity, and exposes more active sites to the electrolyte for redox reactions. 

Carbon composite also improves ions-diffusion rate and overall cycle life. 

Considering this, flexible supercapacitors have been made with REMC material 

composites. 

The rare earth metals based electrode chalcogenides can be operated in the 

wide potential window. Therefore, the combination of polymeric gel electrolytes with 

these electrode materials will be a good contribution to the flexible solid-state 

asymmetric supercapacitor (FSSASCs) devices. Among transition metal oxides, for a 

SC, manganese oxide is one of the most durable and robust electrodes which has been 

found to have good efficiency, high theoretical Cs (~1371 F g-1), multiple oxidation 

states, low cost, environmental friendliness, natural abundance, wide potential 

window, easy to prepare, long term performance, high storage capacity and good 
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corrosion stability which make it most promising electrode material for fabrication of 

the FSSASCs device. 

In this chapter, the FSSASCs device assembled with configuration 

rGO/Dy2S3//MnO2 with ionically conducting PVA‒LiClO4 gel as an electrolyte as 

well as a separator. Thin films of MnO2 and rGO/Dy2S3 with an area of 5×5 cm2 were 

used as positive (cathode) and negative (anode), respectively. Another FSSASCs 

device is fabricated using thin films of rGO/Dy2Se3 and MnO2 were used as negative 

(anode) and positive (cathode) electrodes, respectively in rGO/Dy2Se3//MnO2 

FSSASCs device with PVA‒LiClO4 as an electrolyte. This chapter deals with the 

fabrication and electrochemical performance evaluation of FSSASCs devices with 

configuration rGO/Dy2S3//MnO2 and rGO/Dy2Se3//MnO2. 

6.2 Experimental Details: 

6.2.1 Introduction:  

The present section describes the electrode preparation (MnO2, rGO/Dy2S3, 

and rGO/Dy2Se3), polymer gel electrolyte (PVA-LiClO4) preparation and fabrication 

of MnO2//rGO/Dy2S3 and MnO2//rGO/Dy2Se3 FSSASCs devices. 

6.2.2 Electrode Preparation:  

The CBD method was employed to prepare rGO/Dy2S3, and MnO2 thin films, 

and SILAR method to prepare rGO/Dy2Se3 thin film on flexible SS substrates. The 

optimized preparative parameters of rGO/Dy2S3, and rGO/Dy2Se3 thin film electrodes 

are described in Chapters III and IV, respectively. 

6.2.3 Preparation of MnO2 Electrode:  

The thin film of MnO2 required to fabricate an FSSASCs device was deposited 

according to the procedure reported earlier [6, 7]. In a typical synthesis of MnO2 thin 

film, 2.5 mL of methanol was added dropwise into 100 mL of 0.07 M KMnO4 

aqueous solution and were mixed with vigorously magnetic stirring. Then the solution 

was kept at 4 h at room temperature. After 4 h, the brownish coloured MnO2 thin film 

was deposited on the surface of the substrate. 

6.2.4 Preparation of Polymer Gel Electrolytes: 

The FSSASCs device was assembled using PVA-LiClO4 gel electrolyte. To 

prepare PVA based solid-state gel electrolyte, 4 g of PVA was dissolved in 40 mL 
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DDW at a temperature of 354±05 K with constant stirring for 4 h to form a 

transparent and viscous solution, followed by gradual addition of 1 M LiClO4 solution 

[8]. This solution was constantly stirred for 6 h to form a uniform gel electrolyte and 

was used for FSSASCs device fabrication. 

6.2.5 Fabrication of FSSASCs Devices: 

 

Figure 6.1: a) The schematic of flexible solid state Dy2S3//MnO2 FSSASCs device 

formation, b) the thickness of the FSSASCs device measured by the digital 

micrometer, c and d) flexibility (physical bending and twisting) of FSSASCs device. 

The FSSASCs device assembled with configuration rGO/Dy2S3//MnO2. Thin 

films of MnO2 and rGO/Dy2S3 with an area of 5×5 cm2 were used as positive 

(cathode) and negative (anode), respectively. The schematic of FSSASCs device 

formation is presented in Figure 6.1 (a). The PVA-LiClO4 gel electrolyte was 

sandwiched between them. After sealing using a plastic strip, the FSSASCs device 

was kept under pressure of 0.5 tons for 30 min. An electrolyte in gel form reduces the 

evaporation rate of the electrolyte, leading to improvement in the life span of the 

asymmetric device. Figure 6.1 (b) shows the thickness of the FSSASCs device (0.69 

mm) and Figure 6.1 (c and d) shows the flexibility (physical bending and twisting) of 
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FSSASCs device. A similar process was followed to assemble rGO/Dy2Se3//MnO2 

FSSASCs device. 

6.2.6 Electrochemical Characterization of FSSASCs Devices: 

To optimize operating voltage of FSSASCs devices, CV and GCD studies of 

FSSASCs devices were carried out at various scan rates and current densities, 

respectively. The SE (Wh kg−1) and SP (W kg−1) of FSSASCs device were calculated 

from Equations 1.4 and 1.5, respectively. To evaluate flexible nature of FSSASCs 

device, CV curves were repeated at different bending positions. The stability study of 

FSSASCs devices performed for 5000 cycles using GCD technique. 

6.3 Results and Discussion: 

6.3.1 Structural and Elemental Analyses of MnO2 Thin Film Electrode: 

 

Figure 6.2: a) The XRD pattern, and SEM images at b) 50000x, and c) 100000x 

magnifications of MnO2 thin film. 

The XRD pattern of MnO2 thin film material is presented in Figure 6.2 (a). 

The diffraction peaks correspond to (110), (200), (103), and (310) planes of the 

tetragonal phase of α-MnO2 (JCPDS card no. 44-0141) [9]. The lower intensity of 

diffraction peaks for MnO2 indicates the nanocrystalline nature. The peaks of SS 

substrate are marked with symbol #. 
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In the thin film, specific capacitance (Cs) depends on the surface morphology 

of the electrode [10]. Figure 6.2 (b and c) show SEM images of MnO2 thin films at a 

magnification of 50000x and 100000x, respectively. The surface morphology of 

MnO2 nanoparticles is interconnected and spread over SS substrate, as depicted in 

Figure 6.2 (b and c). Such nanoparticles type morphology is helpful to enhance the 

electrochemical performance [11]. 

6.3.2 Electrochemical Study of MnO2 Thin Film Electrode: 

 

Figure 6.3: a) The CV curves at various scan rates from 5-100 mV s-1, b) plot of 

specific capacitance at various scan rates, c) the GCD curves at various current 

densities from 3.20-6.40 A g-1, d) plot of specific capacitance at various current 

densities, and e) Nyquist plot of MnO2 electrode in 1 M LiClO4 electrolyte. 

The electrochemical study of MnO2 electrode was carried out within a 

potential window of 0 to 0.9 V/SCE in 1 M LiClO4 electrolyte. The CV curves of 

MnO2 electrodes at various scan rates are shown in Figure 6.3 (a). The plot of Cs 

versus different scan rates is presented in Figure 6.3 (b). The MnO2 thin film exhibits 

Cs of 121 F g-1 at a scan rate of 5 mV s-1. To determine Cs of MnO2 thin film, The 

GCD curves of MnO2 thin film at different current densities at 3.20-6.40 A g-1 are 

shown in Figure 6.3 (c). The Cs of 123 F g-1 is obtained at 3.20 A g-1current density. 

Figure 6.3 (d) shows the variation of Cs with current densities. The Nyquist plot of 

MnO2 thin film in the frequency range between 0.01 Hz to 0.1 MHz is depicted in 

Figure 6.3 (e), and the inset shows an enlarged view at higher frequencies. The 
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Nyquist plot indicates a tiny semicircle at the high frequency domain, credited to the 

charge transfer process. The Rs (0.77 Ω cm-2) was determined from the X-axis 

intercept of the Nyquist plot. The charge transfer resistance (Rct) for MnO2 is 8.2 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. 

6.3.3 Electrochemical Characterization of Flexible Solid-State Asymmetric 

Supercapacitor (FSSASCs) Devices (MnO2//rGO/Dy2S3): 

 

Figure 6.4: a) The CV curves at different potential windows, b) the CV curves at 

different scan rates, c) the GCD plots at different potential windows and d) the GCD 

plots at different current densities. 

The FSSASCs device was fabricated by employing rGO/Dy2S3 electrode as an 

anode and MnO2 as a cathode (Figure 6.1). To identify the optimal potential voltage 

of the FSSASCs device, the CV plots in different operating potentials between 0 to + 

1.8 V are illustrated in Figure 6.4 (a). The value of Cs mainly depends on the 

operating voltage and area enclosed under the CV curve. The FSSASCs device 

exhibited good capacitive performance due to the symmetric shape of the CV curves 

at optimized operating voltage +1.8 V at a scan rate of 50 mV s−1. As no visible water 

splitting is observed, it can be concluded that FSSASCs device can be charged up to 
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+1.8 V. The Cs of FSSASCs device calculated from CV profiles was observed 116 F 

g -1 at 5 mV s-1 scan rate, respectively. Similarly, the applicable operating potential (0 

to +1.8 V) selection of FSSASCs device for GCD carried out from constant charging 

current density of 7 A g−1 is shown in Figure 6.4 (c). CV and GCD plots with nearly 

symmetric nature indicate good reversibility and charge storage nature of the 

FSSASCs device.  

The plots confirm optimum operating potential is +1.8 V for the FSSASCs 

device. The CV curves of the FSSASCs device at different sweep rates from 5 to 100 

mV s-1 are shown in Figure 6.4 (b). The GCD curves of the FSSASCs device at 

various charging current densities from 8-14 A g-1 within the operating potential 

window of 0 to 1.8 V are illustrated in Figure 6.4 (d). The Cs of FSSASCs device is 

91 F g-1 at a current density of 8 A g-1. As the current density increased, the 

discharging time (td) of FSSASCs device gradually reduced due to insufficient 

electrode-electrolyte interactions. 

The electrochemical cyclic stability for FSSASCs device is examined at 9 A 

g−1 over 5000 cycles as demonstrated in Figure 6.5 (a). The FSSASCs device 

exhibited capacitance retention of 85% and coulombic efficiency of 95% over 5000 

cycles. These cycles retained similar shapes and showed approximately similar 

discharge times, indicating excellent electrochemical stability of the hybrid device. 

The EIS is one of the better techniques to evaluate resistive parameters of FSSASCs 

device. The Nyquist plot and its fitted data of FSSASCs device are presented in 

Figure 6.5 (b). The starting point and high frequency region of semicircle 

representing Rs and Rct and observed values of Rs and Rct are 0.9 Ω cm-2 and 16.60 Ω 

cm-2, respectively. 

The higher value of Rct is due to the gel form of PVA-LiClO4 electrolyte, 

which affects the kinetics of the electrochemical reaction. The lower value of Rs is 

always beneficial for good electrochemical performance. The equivalent circuit of 

best data fitted is illustrated as an inset of Figure 6.5. (b). The fitted circuit consists of 

Rs, Rct, W, and CPE [12, 13]. Correspondingly, the values of W and CPE evaluated 

from the equivalent circuit are 0.0113 mΩ and 0.64 F. Performance of the positive 

and negative electrodes is a key factor for the electrochemical capacitors in 

commercial applications.  
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To measure the flexible nature of FSSASCs device, the Cs were measured at 

various bending angles ranging between 0 to 160°. The FSSASCs device showed 92% 

capacitive retention at a bending angle of 160°. Measured CV curves at various 

bending angles are shown as an inset of Figure 6.5 (c). From the CV graphs at 

various bending angles, the unbroken structural integrity of the FSSASCs device is 

observed.  

 

Figure 6.5: a) The specific capacitance retention and Coulombic efficiency of 

MnO2//rGO/Dy2S3 FSSASCs device, b) the Nyquist plot; before and after stability, 

(inset image shows the fitted equivalent electrical circuit), c) capacitance retention of 

the device at different bending angles (inset displays CV curves at varying bending 

angles), d) Ragone plot of MnO2//rGO/Dy2S3 FSSASCs device, and e) The practical 

application of two series connected MnO2//rGO/Dy2S3 FSSASCs devices to 

illuminate 211 red LEDs. 

The Ragone plot of rGO/Dy2S3//MnO2 FSSASCs device shown in Figure 6.5 

(d) indicates that the FSSASCs device can deliver energy at different powers and, 

hence, have versatile applications. The obtained SE (40 Wh kg−1) and SP (1.331 kW 

kg−1) of rGO/Dy2S3//MnO2 FSSASCs device are comparable to previously reported 

ASC devices. Furthermore, the performance of two serially connected FSSASCs 

devices was demonstrated by lighting a panel of 201 red LEDs. After charging for 30 

s, these FSSASCs devices can efficiently illuminate the LEDs panel for 60 s 
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efficiently. The initial power dissipated through MnO2//rGO/Dy2S3 FSSASCs devices 

was 0.59 mW cm-2. A photograph of FSSASCs devices while discharging is shown in 

Figure 6.5 (e). To increase SE and current output, the assembly of devices can be used 

according to the requirement. 

6.3.4 Electrochemical Characterization of Flexible Solid-State Asymmetric 

Supercapacitor (FSSASCs) Devices (MnO2//rGO/Dy2Se3):  

 

Figure 6.6: The procedure for fabrication of a) rGO/Dy2Se3//MnO2 FSSASCs device, 

b) the thickness of the FSSASCs device measured by the digital micrometer, c and d) 

flexibility (physical bending and twisting) of FSSASCs device. 

Thin films of rGO/Dy2Se3 and MnO2 were used as negative (anode) and 

positive (cathode) electrodes, respectively in rGO/Dy2Se3//MnO2 FSSASCs device. 

The electrochemical analysis of two electrode systems, rGO/Dy2Se3//MnO2 FSSASCs 

device was carried out within the range of 0 to 1.6 V at different scan rates. Figure 

6.6 (a) shows the procedure for fabricating an FSSASCs device and the thickness of 

the FSSASCs device, which is 0.74 mm, as shown in Figure 6.6 (b) and Figure 6.6 (c 

and d) present the flexibility (physical bending and twisting) of the fabricated 

FSSASCs device. The balance of charges stored on individual electrodes plays a 

crucial role in achieving a higher operating voltage range. To identify an appropriate 

operating potential, the CV plots of FSSASCs device at different operating potentials 

ranging from 1.1 to 1.6 V were measured (Figure 6.7 (a)). The CV plot at 1.6 V 
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shows a symmetric quasi-rectangular nature due to both EDLC and pseudo-capacitive 

materials. 

 

Figure 6.7: Electrochemical characterization of rGO/Dy2Se3//MnO2 FSSASCs 

device; a) the CV curves at different potentials, b) the CV curves at different scan 

rates, c) the GCD plots at different potentials, and d) the GCD curves at different 

current densities. 

The GCD profiles of the FSSASCs device measured at various cell potentials 

from 1.1 to 1.6 V at a current density of 8 A g−1 are shown in Figure 6.7 (c). The 

maximum time of charge-discharge indicates more charge storage at a potential of 1.6 

V, and the symmetric nature of the GCD plot suggests excellent charge storage 

behaviour of FSSASCs device. The potential of the FSSASCs device was fixed at 1.6 

V. The CV curves measured at various scan rates (5 to 100 mV s−1) are shown in 

Figure 6.7 (b). The similar shape of CV plots at all scan rates suggests good 

reversibility of the FSSASCs device. The FSSASCs device achieved Cs of 107 F g−1 

at a scan rate of 5 mV s−1. Figure 6.8 (a) presents calculated 𝐶s values at different 

scan rates. The GCD analysis of the FSSASCs device was carried out at various 

current densities from 5 to 9 A g−1 (Figure 6.7 (d)). The FSSASCs device exhibits 𝐶s 

of 102 F g−1 at 5 A g−1 current density. The Cs of the device decreased compared to 

single electrodes due to ion diffusion restrictions in the gel electrolyte. The variation 
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in calculated 𝐶svalues with the applied current densities (5 to 9 A g−1) is presented in 

Figure 6.8 (b).  

 

Figure 6.8:  The variation of Cs of FSSASCs device a) with different scan rates, b) 

with different current densities. 

Cyclic stability plays a critical role in deciding the applicability of a SC. To 

evaluate the cyclability of the FSSASCs device, the GCD measurements were 

conducted over 5000 cycles at a current density of 8 A g−1. The FSSASCs device 

shows 88 % capacitance retention (Figure 6.9 (a)). The better stability of the device 

under various GCD cycles is attributed to the binder less preparation of the electrodes 

and rGO composition. 

The EIS technique was utilized to analyse charge transport characteristics at 

the electrode/electrolyte interface of the device. Figure 6.9 (b) shows Nyquist plots of 

the FSSASCs device before and after the stability study. These plots show a similar 

shape with slightly increased resistance. The simulated equivalent electrical circuit is 

displayed as an inset image in Figure 6.9 (b). The fitted circuit includes four main 

components, such as Rs, Rct, CPE, and W, respectively. The observed Rs, Rct, CPE, and 

W are 0.095 Ω cm-2, 14 Ω cm-2, 0.64 F, and 0.011 mΩ, respectively. After 5000 

cycles, these values changed to 0.099 Ω cm-2 (Rs), 34 Ω cm-2 (Rct), 0.67 F (CPE), and 

0.009 mΩ (W). The gel form of the electrolyte (PVA-LiClO4) gives a higher value of 

Rct [14].  

Portable consumer electronics, such as wearable and bendable appliances, are 

in demand in modern society. Therefore, the flexibility study is more critical for 

commercial level devices. The FSSASCs device retained 91% capacitive retention 

after a 160° bending angle, which suggests the better flexibility of the device. The CV 
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measurements of the FSSASCs device at different bending positions from 20°to 160° 

are shown in the inset of Figure 6.9 (c). It suggests that when the device is folded in 

various bending positions, the structural integrity and capacitive performance of the 

device are maintained. The photographs of FSSASCs device at various bending 

positions are provided in Figure 6.10. 

 

Figure 6.9: a) The specific capacitance retention and Coulombic efficiency of 

FSSASCs device, b) the Nyquist plot; before and after stability, (inset image shows 

the fitted equivalent electrical circuit), c) capacitance retention of the device at 

various bending angles (inset shows CV curves at different bending angles), d) 

Ragone plot of FSSASCs device, and e) The practical application of two series 

connected rGO/Dy2Se3//MnO2 FSSASCs devices to illuminate table lamp of 11 white 

LEDs. 

For the FSSASCs device, the specific energy is a crucial factor demonstrating 

the application of rGO/Dy2Se3 composite. Figure 6.9 (d) shows the Ragone plot of 

the FSSASCs device, delivering a maximum 𝑆𝐸 of 45 Wh kg−1 at the 𝑆𝑃 of 9 kW kg−1. 

The measured 𝑆𝐸 and 𝑆𝑃 values of the FSSASCs device are compared to those of 

other previously reported carbon-based supercapacitors. Such as, AC//QC/rGO ASC 

(5.68 mWh cm−3 at 98.8 mW cm−3) [15], SRGO//NiCo2Se4/rGO (66.2 Wh kg−1 at 

1500 W kg−1) [16], CuS//CuSe2@rGO (28.3 Wh kg−1 at 1538 W kg−1) [14], 

AC//NiO/RGO (32.5 Wh kg−1 at 375 W kg−1) [17], (G-SWCNHs)//NiCo2S4@rGO 

(60.9 Wh kg−1 at 1.4 kW kg−1) [18], AC//Ni1.64Co2.40S4/rGO (30.4 Wh kg−1 at 10 kW 

kg−1) [19], rGO//Co3V2O8/rGO (28.36 Wh kg−1 at 400 W kg−1) [20]. Among the 
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reported ASC devices, present FSSASCs device achieved moderate SE without 

significant power depletion. 

 

Figure 6.10: The photographs of various bending positions of FSSASCs device a) 

20°, b) 40°, c) 60°, d) 80°, e) 100°, f) 120°, g)140°, and h) 160°. 

Furthermore, as a demonstration, two serially connected assembly FSSASCs 

devices light up a table lamp. After 30 s of charging, two FSSASCs devices can light 

up the table lamp for 60 s. Initially, the two series connected FSSASCs devices 

capable of delivering power of 0.41 mW cm-2 for 60 s of discharge. The practical 

application of two series connected rGO/Dy2Se3//MnO2 FSSASCs devices to 

illuminate table lamp of 11 white LEDs shown in Figure 6.9 (e).  In this work, low-

cost, chemically synthesized electrode materials with diverse energy storage 

properties have opened the door to extending the features of flexible supercapacitors 

in a wide range of practical flexible device applications. Figure 6.10 shows the 

photographs of various bending positions of FSSASCs device. 

6.4 Conclusions:  

In summary, rGO/Dy2S3//MnO2 FSSASCs device was assembled using anode 

and cathode electrodes such as rGO/Dy2S3 and MnO2 with PVA-LiClO4 gel 

electrolyte. In the same way, rGO/Dy2Se3//PVA-LiClO4//MnO2 FSSASCs device was 

also assembled. The rGO/Dy2S3//MnO2 FSSASCs device showed Cs of 116 and 92 F 

g-1 at a scan rate of 5 mV s-1 and a current density of 8 A g-1 with excellent 85% 

capacity retention and columbic efficiency of 95% over 5,000 cycles with SE of 40 

Wh kg-1 at SP of 1.33 kW kg-1. The rGO/Dy2Se3//MnO2 FSSASCs device observed Cs 

of 107 and 102 F g-1 at scan rate of 5 mV s-1 and a current density of 5 A g-1 with 

excellent 88% capacity retention and columbic efficiency of 95% over 5,000 cycles 
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with SE of 45 Wh kg-1 at SP of 9.0 kW kg-1. At a bending angle of 160°, the both 

FSSASCs devices exhibited excellent flexibility with 91 and 92% of its initial Cs 

retention, respectively. A couple of series-connected FSSASCs devices light up 201 

red LEDs and illuminate table lamp of 11 white LEDs for 60 s. From the results, 

concluded that the MnO2//rGO/Dy2S3 FSSASCs device shows better performance due 

to their wide potential window. The present work confirms that the rGO/Dy2S3 and 

rGO/Dy2Se3 electrode can be used as a cathode material to fabricate FSSASCs 

devices. 
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7.1 Conclusions: 

The electrochemical energy storage system includes several types, such as 

batteries, capacitors, and SCs, which have been used in recent years. Batteries, widely 

utilized in standalone energy storage, portable devices, and electric cars, are known 

for their high SE and moderate cycle life. However, they limit their use in portable 

electronics due to their short service life, safety concerns, and small‒scale power. 

Compared to batteries, SC store charge quickly and has a better power density. SCs 

are widely used in this field due to their higher power density, stability retention, 

better SE, and environmental energy storage, increasing the demand for wearable and 

portable electronics. Therefore, SC is a fast-emerging technology and an attractive 

alternative to capacitors and batteries.  

Nevertheless, the SCs have several challenges with aqueous electrolytes, 

including lower metal cation reduction potential and higher metal oxide resistivity. 

Therefore, investigating novel electrode materials is needed to overcome these 

drawbacks and enhance SC performance. These best active electrode materials with a 

combination of supportable electrolytes efficiently increase the FSSASCs devices 

energy and power capabilities. The previous studies indicate that metal oxides, 

conducting polymers, and carbon-based materials improve the electrochemical 

performance of SC devices. However, metal oxides are comparatively less electrically 

conductive and thermally stable than metal sulfides. Therefore, the development of 

low-cost, high-performance electrode materials is needed in the REMC materials 

family. 

The global air pollution is driven by industrialization, rapid urbanization, 

increased vehicle use, fossil fuel consumption, and the emission of organic chemicals. 

Over the past two decades, the environment has been influenced by the diverse effects 

of air pollution. Toxic gases, including Cl2, SO2, NH3, NO2, and H2, contribute to 

climate change and are harmful to human health. Therefore, highly sensitive gas 

sensors are crucial for monitoring dangerous and flammable gases, analyzing air 

quality, and ensuring industry safety. For this reason, the present study is focused on 

preparing novel dysprosium sulfide by CBD method for developing a gas sensor. 

The current work focused on the simple, economical, and binder-free chemical 

approachs (SILAR and CBD methods) utilized to synthesize dysprosium 
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chalcogenide (Dy2S3, Dy2Se3) and rGO composite dysprosium chalcogenide 

(rGO/Dy2S3, rGO/Dy2Se3) thin films. Optimizing various preparative parameters to 

result in a high specific surface area with porous surface morphology successfully 

increases the electrochemical performance of Dy2S3, Dy2Se3, and gas sensor 

performance of Dy2S3 thin films. The rGO composite thin films exhibit better SC 

performance than Dy2S3, and Dy2Se3 thin films. Therefore, the fabrication of the 

FSSASCs device used composite thin films for their excellent features. Additionally, 

MnO2 was chosen as the positive electrode due to its broad potential window. 

Similarly, in gas sensors, the composite shows better sensitivity than the Dy2S3 thin 

film. The work has been divided into six chapters. 

Herein, Chapter 1 presents the general introduction of SC and gas sensors. It 

also discusses the significance of Dy2S3 and Dy2Se3 with their composites for SC and 

gas sensing research. It explains the simplest energy storage devices, specifically 

capacitors, batteries, and SCs. Also, it clarifies the requirements and basic working 

principle of supercapacitors. The classification of SCs and their energy storage 

capabilities are discussed. Furthermore, the advantages of SCs over standard 

capacitors and batteries in terms of SE and SP are highlighted. The literature survey of 

rare earth metal chalcogenides includes preparation methods, properties, and 

supercapacitive parameters. The significance of sensor and classification are 

discussed. In brief, the types of gas sensors are explained. Furthermore, the literature 

survey of metal sulphide and their composites for gas sensing applications that have 

been investigated earlier, and finally, the orientation and purpose of the thesis are 

described. 

With this objective, Chapter 2 presents the theoretical background, and 

experimental details of the thin film synthesis using CBD and SILAR methods and 

characterization techniques. They briefly explain the theoretical background of CBD 

and SILAR deposition methods with numerous preparative parameters and 

advantages. Among the physical deposition methods, SILAR and CBD are simple and 

scalable methods for the deposition of chalcogenide thin films. The physical 

properties of prepared thin films can be characterized by various physical 

characterization techniques such as XRD, FTIR, RAMAN, XPS, FE-SEM, EDAX, 

BET, etc. Their basic principles and working mechanisms are discussed in Chapter 2. 

Electrochemical characterization techniques such as CV, GCD, and EIS were also 



Chapter 7 

 

158 

discussed. Similarly, the theory behind the gas sensor measurement, various gas 

sensor techniques used to evaluate gas sensor performance and theoretical background 

of the gas sensor mechanism were also studied in Chapter 2. 

From this perspective, Chapter 3 explores the influence of deposition time on 

the physico-chemical properties and electrochemical performance of dysprosium 

sulfide. This chapter focused on preparing Dy2S3, rGO, and rGO/Dy2S3 composite 

thin films using the CBD method and evaluating their electrochemical performance. 

Also the synthesis of rGO using a modified Hummer’s method is discussed. The 

effect of optimized rGO concentration on the electrochemical performance of 

rGO/Dy2S3 composite films was evaluated. In the XRD study, the intensity of 

characteristics peak decreased with the introduction of rGO. The Dy2S3 (DS6) thin 

film obtained the Cs of 219 F g-1 at the scan rate of 5 mV s-1 and stability retention of 

81% after 5000 GCD cycles. The introduction of rGO, the surface area of the 

composite thin films is increased. Due to this, the rGO/Dy2S3 composite thin film 

exhibit maximum Cs of 392 F g-1 at the scan rate of 5 mV s-1 and stability retention of 

88% over 5000 GCD cycles. The EIS parameters, Rs, and Rct for DS6 were 1.16 and 

16.39 Ω cm-2, and rGO/Dy2S3 composite thin films were 1.04 and 4.18 Ω cm-2, 

respectively. Therefore, the appropriate concentration of rGO composite with Dy2S3 

modifies the structural and morphological properties and, as a result, enhances the 

specific capacitance. This chapter highlights superiority of rGO/Dy2S3 thin film 

compared to Dy2S3 and rGO thin films. 

Chapter 4 Contains the synthesis, characterization, and evaluation of the 

electrochemical performance of SILAR-deposited Dy2Se3, and rGO/Dy2Se3 

composite thin films. The XRD, RAMAN, FT-IR, FE-SEM, and EDAX analyses are 

used to confirm the formation of the prepared material. The composition of Dy2Se3 

with rGO is a most efficient strategy to improve the electrochemical performance. The 

impact on crystal structure, surface morphology, and electrochemical properties with 

the optimized rGO concentration was studied. The porous nanoparticles of Dy2Se3 

coated on rGO sheets were observed in rGO/Dy2Se3 thin film. The rGO/Dy2Se3 

composite thin film exhibited a maximum specific surface area of 18 m2 g-1 compared 

to 9 m2 g-1 of Dy2Se3 thin film. The electrochemical performance of Dy2Se3 and 

rGO/Dy2Se3 was analysed by using CV,  GCD, electrochemical stability, and EIS 

study. The non-linear GCD curves indicated the pseudocapacitive behavior of the 
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Dy2Se3 electrode. The Dy2Se3 thin film delivered the maximum Cs of 147 F g-1 at a 

scan rate of 5 mV s-1, which is lower than rGO/Dy2Se3 composite thin films obtained 

Cs of 289 F g-1 at a scan rate of 5 mV s-1. The rGO/Dy2Se3 composite electrode shows 

remarkable cycling stability of 89 % up to 5000 GCD cycles. The values of Rs and Rct 

for Dy2Se3 thin film were 2.49 and 178 Ω cm-2, and that of rGO/Dy2Se3 were 1.81 and 

4.01 Ω cm-2, respectively. In conclusion, the highest specific surface area and 

enhanced electrochemical activity were due to the synergetic effect between rGO and 

Dy2Se3 thin film.  

Chapter 5 deals with the preparation of Dy2S3 and rGO/Dy2S3 composite by 

CBD method, physicochemical characterizations, and NO2 gas sensing study. The 

XRD, FE-SEM, RAMAN, FTIR, and XPS confirm the formation of composite thin 

film. The analysis of the surface morphology reveals that the formation of hollow 

microspherical Dy2S3 intercalated between rGO sheets morphology. The rGO/Dy2S3 

composite displayed expanded surface area (36.08 m2 g-1), mesoporous anchored 

hollow microspherical Dy2S3 particles with intimate coupling between rGO sheets. 

The Dy2S3 and rGO/Dy2S3 composite sensors are studied for oxidizing (NO2, SO2, 

and Cl2) and reducing (H2S, CO, and NH3) gases at 423 K and room temperature (RT) 

300 K, respectively. The rGO/Dy2S3 composite displayed excellent selectivity towards 

NO2 gas amongst the other interfering gases. The rGO/Dy2S3 composite shows 

excellent NO2 sensing performance with high NO2 response (36.08%), fast response 

time (3 s), and recovery time (17 s) for the NO2 gas at RT as compared to Dy2S3 

sensor NO2 response (23.43%) at 423 K. Further, rGO/Dy2S3 composite demonstrated 

almost identical responses for long-term stability (40 days).  

Chapter 6 includes the fabrication and electrochemical performance 

evaluation of asymmetric MnO2//rGO/Dy2S3 and MnO2//rGO/Dy2Se3 FSSASCs 

devices. MnO2 is used as high performance positive electrode material for ASC 

device fabrication. Furthermore, this chapter explain the preparation of electrodes 

(rGO/Dy2S3,  MnO2 (CBD method), and rGO/Dy2Se3 (SILAR method)), solid-state 

polymer gel electrolyte (PVA-LiClO4), and fabrication of FSSASCs devices. Due to 

the different operating potentials of MnO2 and rGO/Dy2S3 electrodes, the 

MnO2//rGO/Dy2S3 FSSASCs device can be charged up to +1.8 V. The FSSASCs 

device obtained excellent Cs of 116 F g-1 with a capacitance retention of 85% after 

5000 GCD cycles. The device shows the superior SE of 40 Wh kg‒1 at the SP of 1.33 
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kW kg-1 and robust mechanical flexibility by retaining 92% capacitance at a bending 

angle of 160°. 

Also, this chapter explain the supercapacitive performance evaluated for 

MnO2//rGO/Dy2Se3 FSSASCs device. The FSSASCs device operating at 1.4 V 

achieved the Cs of 107 F g-1 at a 5 mV s-1 scan rate. The FSSASCs device shows 

remarkable SE (45 Wh kg-1) and SP (9.0 kW kg-1), highlighting its potential use in 

practical applications.  

MnO2//rGO/Dy2Se3 FSSASCs device delivered capacitance retention of 88% 

over 5000 GCD cycles with excellent flexibility of 91% of its initial Cs retention. 

Finally, for practical applicability, the couple of FSSASCs devices connected in series 

were able to light up 201 red LEDs and a table lamp of 11 white LEDs efficiently. The 

initial power dissipated through MnO2//rGO/Dy2S3 and MnO2//rGO/Dy2Se3 FSSASCs 

devices was 0.59 mW cm-2 and 0.41 mW cm-2. 

In Chapter 7, includes the results and conclusions from the above chapters. 

Table 7.1 highlights the electrochemical parameters of Dy2S3, rGO/Dy2S3, Dy2Se3, 

and rGO/Dy2Se3 composite thin films. This table includes the method of material 

preparation, surface morphology, electrolytes, Cs, Rs, Rct, and cycle stability of the 

electrodes.  

Table 7.2 illustrates the electrochemical characteristics of the 

MnO2//rGO/Dy2S3 and MnO2//rGO/Dy2Se3 FSSASCs devices. Finally, the observed 

results conclude that the dysprosium chalcogenide-based FSSASCs devices can 

power up small electronic equipment that requires power in the range of 0.01 mW to 

0.1 mW. 

In gas sensor, the comparative gas sensor performance of Dy2S3 and 

rGO/Dy2S3 composite are summarised in Table 7.3. By the examination of Table 7.3, 

it is concluded that rGO/Dy2S3 exhibited the maximum sensitivity (36.08 %) towards 

NO2 at RT with the rapid response (3 s) and recovery (17 s) of the resistance. Also, it 

exhibits a highly stable NO2 sensing response for 40 days of continuous operation, 

indicating its good stability. Thus, the conclusion is drawn that the tested Dy2S3, the 

rGO/Dy2S3 composite, is superior for the RT operated gas sensor and may be useful 

for the commercial gas sensor. 
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Table 7.1: The electrochemical parameters of Dy2S3, rGO/Dy2S3, Dy2Se3, and 

rGO/Dy2Se3 thin film electrodes deposited using CBD and SILAR methods in three 

electrode system. 

Material 
Surface 

morphology 
Method Electrolyte 

Cs 

(F g-1) 

Rs 

(Ω cm-2) 

Rct 

(Ω cm-2) 

Stability 

(%) 

(5000 

cycles) 

DS3 
Hollow 

microsphere  

CBD 
1 M 

Na2SO4 

210 1.57 23.7 76  

DS6 
Hollow 

microsphere 
219 1.16 16.39 81 

DS9 
Hollow 

microsphere 
74 1.77 47.2 71 

rGO/Dy2S3 
Hollow 

microsphere 
392 1.04 4.18 88 

Dy2Se3 
Nanoparticle

s 

SILAR 
1 M  

LiClO4 

147 2.49 178 84 

rGO/Dy2Se3 

Spherical 

nanoparticls 

on sheet-like 

structure 

289 1.81 4.01 89 

 

Table 7.2: The electrochemical parameters of FSSASCs devices evaluated using two 

electrode system. 

Configuration of  
FSSASCs device 

Cs 

(F g-1) 

Specific energy 

(Wh kg-1) at 

specific power 

(kW kg-1) 

Rs 

(Ω 

cm-2) 

Rct 

(Ω 

cm-2) 

Stability 

(%) 

(cycles) 

Flexibility 

(%) at 165° 

MnO2//rGO/Dy2S3 116 at 5 

mV s-1  

40 at 1.33 0.9 16.60 85  

(5000) 

92 

MnO2//rGO/Dy2Se3 107 at 5 

mV s-1  

45 at 9.0 0.095 14 88 

(5000) 

91 
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 Table 7.3: Comparative gas sensor performance of Dy2S3 and rGO/Dy2S3 composite 

sensor. 

Sr. 

No 
Sensor 

Target 

gas 

Operating 

temperature 

(K) 

Sensitivity 

(%) 

Response/Recover

y time (s) 

Long 

Term 

stability 

(days) 

1 Dy2S3 NO2 423 23.43 6/19 40 

2 rGO/Dy2S3 NO2 RT (300) 36.08 3/17 40 
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8.1 Recommendations: 

The present study employed the CBD and SILAR approach to prepare thin 

films of dysprosium chalcogenides, specifically dysprosium sulfide and dysprosium 

selenide. The increased surface area and porous morphology of thin films improved 

their charge storage capacity. To accomplish this, the dysprosium chalcogenide 

composite with rGO using CBD and SILAR methods. The goal of preparing 

composite electrodes was to make the material more stable and have a higher specific 

capacitance than pristine materials.  

Finally, it is recommended that, at  6h CBD deposited Dy2S3 thin film shows 

best electrochemical performance and 200 SILAR cycles of Dy2Se3. To get the best 

electrochemical performance, the optimized concentration of rGO is 1.0 mg mL-1. 

Due to the simplicity and scalable nature of the deposition method, it can be 

potentially translated at the industrial level with minimum modification. In gas 

sensors, the CBD synthesized  Dy2S3 and rGO/Dy2S3 composites are used as sensor 

elements to sense various gases. The rGO/Dy2S3 composite displayed excellent gas-

sensing performance for the NO2 at RT (27±2°C) with a sensitivity of 36.08 % and 

possesses fast response and recovery periods and long term stability over 40 days. 

Thus, rGO is recommended as the best to improve the sensing performance of 

rGO/Dy2S3. 

8.2 Future Findings: 

In the present study, a dysprosium chalcogenide thin films and its composite 

with a highly conducting carbon structure rGO was systematically synthesized using 

CBD and SILAR methods by controlled experiments and used for supercapacitor and 

gas sensing applications. The composition of rGO improves electrical conductivity, 

specific surface area, and overall electrochemical and gas sensing performance 

(sensitivity, response time, recovery time) of pristine material. Thus, the present 

research work also opens up possibilities to further enhance dysprosium chalcogenide 

thin films electrochemical and gas sensor performance.  

There is potential to replace rGO with other carbon allotropes, such as 

fullerene, CNTs, MWCNTs, carbon aerogel, and carbon foam, can be used for the 

composition with dysprosium chalcogenide thin films. Additionally, incorporating 

other transition metals (Cu, Mn, Ni, Co) to form bimetallic compounds could further 
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enhance the electrochemical energy storage and gas sensing properties of the 

electrode material. 

The future work is proposed to prepare Dy2Se3 and rGO/Dy2Se3 composites 

electrodes using CBD method and utilized in supercapacitor and gas sensing 

applications. Understanding the process of energy storage in dysprosium chalcogenide 

based compounds, and analyzing the change in structural, morphological and 

chemical composition the physical characterization must be done using  XRD, FE-

SEM, TEM, and XPS techniques. Moreover, a better understanding of the processes 

involved in charge storage may also be possible by in situ characterization of 

symmetric and asymmetric devices utilizing TEM and NMR analyses. 
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A B S T R A C T   

As the necessity of energy storage is continuously increasing, new materials have been investigated for elec
trochemical energy storage, especially for electrochemical capacitors. These storage devices are rapidly 
convertible as well as air pollution free. Therefore, a number of materials have been explored as electrode 
materials for supercapacitors to fulfill different requirements of electrochemical energy storage. Herewith, 
dysprosium selenide (Dy2Se3) films were prepared using the simple successive ionic layer adsorption and re
action (SILAR) method and characterized using different physico-chemical techniques. The specific capacitance 
(Cs) of 92 F g− 1 was obtained at the current density of 2.85 A g− 1 in 1 M LiClO4 electrolyte with a retention of 
85% over 5000 galvanostatic charge-discharge (GCD) cycles performed at a current density of 4 A g− 1. The 
flexible solid-state hybrid electrochemical capacitor of configuration Dy2Se3/LiClO4-PVA/MnO2 showed Cs of 83 
F g− 1 and specific energy of 18 Wh kg− 1 at a specific power of 2.7 kW kg− 1. This hybrid device retained 92% of 
capacitance at a device bending angle of 160◦. These results demonstrate the facile synthesis of Dy2Se3 and its 
possible use in electrochemical energy storage applications.   

1. Introduction 

In everyday life, advancing technology has made the most significant 
impact on the working nature of people. Therefore, it is essential to 
develop cheap and sophisticated technologies in the electronics, auto
mobile industry, home appliances, biomedical field, etc., to uplift the 
quality of the human lifestyle. For this, a sustainable, green, and high- 
performance energy storage system is required which will play a vital 
role in our modern society [1]. There are different energy storage sys
tems, but batteries, capacitors, and electrochemical capacitors (EC) are 
most promising. Among these, the charge accumulation mechanism is 
dissimilar for each of them. Currently, batteries have high energy den
sity but possess disadvantages like low power density, finite cycle life, 
high cost of manufacturing, and several hours of charging time. The use 
of ECs can reduce those disadvantages due to their ability to deliver 
energy at a high rate, fast charging and discharging, efficient fabrication 
process, and long cycle life and hence gained significant attention in 
recent time [2,3]. 

The types of ECs materials mainly depend on the charge storage 

mechanism. They are broadly listed into three categories, i.e. electric 
double-layer capacitors (EDLC), pseudocapacitors and battery-type ECs. 
Charge accumulation in EDLCs is due to electrostatic mechanism across 
the electrode and electrolyte interface. The carbon derivatives and 
MXenes are of EDLCs type materials. In pseudocapacitors, redox re
actions occurring on the surface and interior of the electrodes are 
responsible for charge accumulation. Metal oxides, chalcogenides as 
well as conducting polymers are the pseudocapacitive electrode mate
rials. The battery-type ECs obey the faradic mechanism of charge storage 
[4,5]. Mostly nickel and iron oxides and phosphates are used as 
battery-type materials. 

Due to their excellent redox activity, metal chalcogenides and con
ducting polymers show excellent pseudocapacitive behavior with high 
specific capacitance (Cs) than EDLCs [6]. The electrode material struc
ture plays an important role by providing access to the electrolyte ions to 
electrode material for interaction. Many factors affect the electrode’s 
charge storage, i.e., type of crystal structure, surface morphology, 
elemental composition, electrical resistivity, deposited mass of the 
electrode, and chemical composition [7]. The method of preparation 
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A B S T R A C T   

In recent years, the requirement for flexible electrode materials has attracted scientific attention for developing 
flexible supercapacitors. The present work reports the porous reduced graphene oxide/dysprosium selenide 
(rGO/Dy2Se3) composite thin films preparation, employing successive ionic layer adsorption and reaction 
(SILAR) method. This work offers thorough information about the structure, morphology, and elemental analysis 
of prepared rGO/Dy2Se3 composite, as well as its electrochemical properties such as specific capacitance (Cs), 
charge transfer resistance, electrochemical stability, etc. The rGO/Dy2Se3 composite electrode achieved a Cs of 
289 F g− 1 at a 5 mV s− 1 scan rate with 89% retention up to 5000 galvanostatic charge-discharge (GCD) cycles due 
to synergy between properties of Dy2Se3 and rGO. A flexible solid-state asymmetric supercapacitor (FSSAS) rGO- 
Dy2Se3/LiClO4-PVA/MnO2) device delivered Cs of 107 F g− 1 at a 5 mV s− 1 and a specific energy of 45 Wh kg− 1 at 
a power of 9 kW kg− 1. The FSSAS device retained 91% of its capacitance at a 160◦ bending angle. These findings 
show that Dy2Se3 anchored on rGO using SILAR method is a promising candidate for supercapacitors.   

1. Introduction 

Technological advancement has accelerated energy consumption. As 
a result, different energy storage devices are required for various in
struments in modern technology, such as healthcare, intelligent devices, 
micro-robotics, smartphones, flexible touchscreen displays, electronic 
skin, implantable medical devices, etc. Because of this, the need for 
flexible energy storage devices has increased and attracted tremendous 
research interest [1,2]. Together with secondary batteries, flexible 
supercapacitors have received a lot of attention due to their rapid 
charging, robust mechanical flexibility, long life, light weight, high 
operating voltage, superior safety, ability to provide required power 
density in a wide range of temperatures, and nearly constant perfor
mance even with mechanical deformation states [3–5]. Considering the 
above qualities of flexible supercapacitors, the implementation of flex
ible supercapacitors in wearable and flexible appliances has increased in 
the recent past. Therefore, the fabrication of flexible supercapacitors has 
been an attractive research topic in recent years. 

One of the effective strategies to fabricate flexible SCs is to incor
porate essential components like flexible and lightweight substrates, 
suitable electroactive materials, and electrolytes. The flexible substrates 

used so far are cellulose papers, textiles, paper, elastomeric polymers, 
cable-type matrices, stainless steel (SS), carbon sponge, and carbon- 
based papers (e.g., carbon cloth). However, the low conductivity, 
negative electrochemical activity, and low mechanical strength of some 
of these current collectors made obtaining desirable specific energy 
difficult. In this context, the SS substrate is the most favorable owing to 
its various benefits like low cost, high flexibility with mechanical 
strength, lightweight, ease of surface modification, and environment 
compatibility [6,7]. 

The electric double-layer capacitor (EDLC) and pseudocapacitive 
types of electrode materials are used in supercapacitors. The carbona
ceous materials used in EDLCs have a low energy density [8]. Therefore, 
the present studies mainly focus on pseudocapacitive materials because 
of their high specific energy. Pseudocapacitive materials consist of 
transition metal oxides, chalcogenides, phosphates, nitrides, tungstate, 
and rare earth metal chalcogenides (REMC). The REMC possesses great 
potential as a pseudocapacitive material. The distinctive characteristics 
of REMC include 4f vacant orbital, high mechanical stability, rapid 
charge transfer, and high ionic conductivity at the electrode-electrolyte 
interaction [9,10]. Due to this, REMC materials are now widely utilized 
in a variety of applications like magnetic, catalysts, optical, and energy 
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a b s t r a c t

The emerging challenges of global warming have instigated people to produce and store renewable energy. 
Among various energy storage devices, the supercapacitor is an advanced energy storage device that has 
been used in many crucial applications to provide the necessary power. As a result, in the last couple of 
decades, pseudocapacitive materials such as metal oxides and conducting polymer-based electrode mate
rials have shown remarkable electrochemical performance. However, the performance of bare pseudoca
pacitive materials is hindered due to their limitations, such as low conductivity, low surface area, poor 
electrochemical activity, etc. These limitations can be addressed by doping as it is an effective way of 
altering various physicochemical properties, such as crystal structure, surface morphology, specific surface 
area, electronic conductivity, and chemical stability of the host material, which ultimately enhances the 
electrochemical performance of the doped material. Therefore, in this review, we have discussed the effect 
of rare earth element doping in pseudocapacitive material. The doping strategy altered the crystallographic 
parameters, surface morphology, specific capacitance, and cyclability. In addition, various methods em
ployed for doping rare earth elements in pseudocapacitive materials are summarized. Finally, the prospects 
of rare earth element doped electrode materials in current supercapacitor development are discussed.

© 2023 Elsevier B.V. All rights reserved. 
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Performance of solid-state symmetric supercapacitors based on 
Dy2S3 electrodes 
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A B S T R A C T   

Rare earth metal sulfides show good capacitance retention and better charge discharge performance. Dysprosium 
based materials could be a promising candidate for the utilization in supercapacitors due to it’s multiple tran
sition states. The dysprosium sulfide (Dy2S3) thin films were deposited on stainless steel (SS) substrate using 
facile successive ionic layer adsorption and reaction (SILAR) method. The films exhibits orthorhombic crystal 
structure and spherical nanoparticles morphology. The electrochemical supercapacitive performance of Dy2S3 
film showed maximum specific capacitance (Cs) of 273 F g− 1 at a scan rate of 5 mV s− 1 with excellent (83 %) 
cycling performance over 2000 cycles in 1 M Na2SO4 electrolyte. The industrial application of SILAR deposited 
Dy2S3 thin film was examined by fabricating flexible solid-state symmetric supercapacitor (FSS-SSC) device with 
configuration Dy2S3/PVA-Na2SO4/Dy2S3. It exhibited Cs of 26 F g− 1 with specific energy of 17 Wh kg− 1 and 
specific power of 520 W kg− 1. A good cyclic stability was observed with capacitive retention of 79 % at the scan 
rate of 100 mV s− 1 after 5000 cyclic voltammetry (CV) cycles. This study highlights the potential application of 
Dy2S3 for supercapacitor application.   

Introduction 

Large energy shortages and renewable energy sources have inspired 
the overall efforts for research to expand the use of energy saving de
vices that are beneficial and environmentally friendly. Hence, various 
energy storage devices are under investigation [1,2]. A battery-powered 
energy storage system has a shorter life cycle and requires more space 
for the system. Supercapacitors (SCs), on the other hand, have emerged 
as potential competitors for remarkable features, such as high 
charging-discharging rates, excellent life cycles and reversibility. The 
SCs are energy storage devices having capacitance greater than common 
capacitors [3,4]. SCs are categorized as electrical double layer capaci
tors (EDLCs) and pseudocapacitors based on the charge storage mech
anism [5]. The EDLC (carbon-based substances) possesses greater 
surface area and extensive life span. The charge storage mechanism in 
pseudocapacitors are based on reversible faradic redox reactions. Metal 
sulfides, oxides, and polymers are some of the pseudocapacitive mate
rials [6,7]. 

Recently, transition metal sulfides have emerged as potential pseu
docapacitive materials [8]. Of these, compounds based on rare earth 
metals owing to their excellent electrical conductivity and abundance, 

attracting significant research attention. Dysprosium is a promising rare 
earth metal which exhibits various oxidation states (Dy+3, Dy+2, Dy+1) 
useful for pseudocapacitive performance. As of now, many researchers 
have employed rare earth compounds for the SC application [9]. Gho
gare et al. [10] reported hydrothermal method for lanthanum sulfide 
(La2S) thin film with specific capacitance (Cs) of 121.4 F g− 1. Pujari et al. 
[11] and Patil et al. [12] synthesized ytterbium sulfide (Yb2S3) and 
lanthanum telluride (La2Te3) and obtained Cs of 270 and 469 F g− 1, 
respectively. Arunachalam et al. [13] using chemical precipitation 
process produced neodymium hydroxide (Nd(OH)3) thin films with Cs of 
871 F g− 1. 

Though various methods are useful for the deposition of thin films on 
different substrates, SILAR method comes out as an effective approach 
by providing direct deposition on any kind of substrate without having 
to use binder for the adhesion purpose. It gives access to control the film 
thickness by means of varying deposition cycles. In addition, one can 
have large area deposition using SILAR method which is applicable at 
industrial scale [6]. As a result, SILAR is being widely used for the 
deposition of many materials for various applications [10]. 

In continuation to our previous work [14], this report highlights a 
direct deposition of Dy2S3 thin film and evaluation of its supercapacitive 
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Nanocrystalline cobalt tungstate thin films
prepared by SILAR method for electrocatalytic
oxygen evolution reaction
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� CoWO4 thin film electrocatalysts

prepared by SILAR method was

employed for oxygen evolution

reaction.

� The CoWO4 material exhibited

porous morphology with specific

surface area of 49.3 m2 g�1.

� CoWO4 electrode exhibited excel-

lent OER functioning with over-

potential of 330 mV at a current

density of 100 mA cm�2.

� CoWO4 thin film electrode exhibi-

ted remarkable stability (97%) after

24 h in 1 M KOH.
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a b s t r a c t

This study highlights on the application of nanocrystalline cobalt tungstate (CoWO4) thin

films as an electrocatalyst for oxygen evolution reaction (OER) prepared using successive

ionic layer adsorption and reaction (SILAR) method. The X-ray diffraction, scanning elec-

tron microscopy, X-ray photoelectron spectroscopy, Fourier transform infrared spectros-

copy etc. were employed for the characterization of CoWO4 thin films, revealing the

formation of crystalline CoWO4 with spherical morphology. Furthermore, CoWO4 showed

excellent electrochemical performance with the overpotential of 330 mV and Tafel slope of

153 mV dec�1 with retaining 97% of electrochemical stability after 24 h of OER. The study

confirmed the structural maintenance of CoWO4 thin films after stability study.

© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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Binder-Free Synthesis of Mesoporous Nickel Tungstate for
Aqueous Asymmetric Supercapacitor Applications: Effect of
Film Thickness

Dilip J. Patil, Dhanaji B. Malavekar, Vaibhav C. Lokhande, Prity P. Bagwade,
Sambhaji D. Khot, Taeksoo Ji, and Chandrakant D. Lokhande*

1. Introduction

In the present era, environmental pollution originating from
burning of hydrocarbon fuels is affecting human health along
with the surrounding nature. So, the shifting of energy genera-
tion and usage habits became the need of an hour. Renewable
energy generation/conversion is convincing path for the
pollution-free environment. The major challenge faced by these
sources is storage of energy because of abruption in the genera-
tion. The capacitors, batteries, and supercapacitors (SCs) have
been used for electrochemical energy storage from a long time.

However, the cost and the energy stored by
these devices vary with the design, chemis-
try, and materials used to fabricate. The
specific energy for batteries is compara-
tively more than the SCs and capacitors.[1,2]

Due to outstanding cycle stability, greater
power density, and rapid charge–discharge
rate, SCs are some of the better optimistic
contenders.[3,4] A significant drawback of
SCs is that they are deficient in specific
energy to fulfill the growing energy
requirements for new-age energy storage
equipment.[5,6] Nowadays, more research
activities have been concentrated to
enhance the specific energy of SCs without
losing their specific power and cyclabil-
ity.[7,8] The specific energy (E¼ 0.5CV2)
can be raised by improving capacitance
(C) and operating potential window (V ).
Different electroactive materials with rages
of capacitance values have been used to fab-
ricate SCs.[9–11] Hence, the preparation of

novel electrode materials possessing high specific capacitance
and fabrication of asymmetric supercapacitors (ASCs) to
overcome the issue of low cell potential can result in enhanced
specific energy.[12,13]

Metal tungstates have the general formula AWO4, where A is a
divalent cation (A2þ¼Ni, Fe, Mn, Cu, Co) that acts as a network
modifier. The monoclinic crystal structure of metal tungstates
(shown in Figure 1a,b) resembles with the crystal structure of
metal sulfates.[14] Crystal structure formed by tungstate ion with
bivalent metal ion forms tetrahedral coordination. However, due
to the smaller radius of bivalent cations like nickel having ionic
radius of less than 0.77 Å will perform well for the supercapaci-
tors. In addition to this, the bimetallic nature of the metal tung-
states helps to improve the energy storage capacity of materials
compared to a single metal compound like NiO and WO3.
Compared to nickel oxide and hydroxide, NiWO4 have higher
molecular mass, leading to lower theoretical capacitance.
Higher cost of preparation due to addition of W in synthesis pro-
cess can be considered a disadvantage. Metal oxides, including
tungsten oxide and metal tungstates, show several advantages
over other materials, such as low toxicity, low synthetic cost, high
resistance against photocorrosion, and compatibility with
up-scale. Normally, metal tungstate materials were tested for
SC applications,[15] Li-ion battery,[16] electrocatalysis,[17] gas
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Nickel tungstate thin films of different thicknesses are synthesized using the
binder-free successive ionic layer adsorption and reaction (SILAR) method at
ambient temperature and subsequent calcination at a temperature of 727 K. The
physicochemical characterizations of NiWO4 thin films are carried out using
different techniques. The electrochemical performances of NiWO4 films are
evaluated in 2 M KOH electrolyte using a standard three electrode system. The
specific capacitance of 1536 F g�1 at the current density of 2 A g�1 is obtained for
the NiWO4 film. The film exhibits excellent electrochemical stability of 87% after
5000 galvanostatic charge–discharge (GCD) cycles at the current density of
3 A g�1. This study highlights use of SILAR-deposited NiWO4 thin films as a
cathode in aqueous asymmetric supercapacitors (ASCs). The ASC device NiWO4/
KOH/Fe2O3 exhibits a specific capacitance of 115 F g�1 at 2 A g�1 and specific
energy of 23Wh kg�1 at specific power of 1.2 kW kg�1. The device shows
remarkable electrochemical cycling stability (78% capacitance retention after
5000 GCD cycles). The SILAR-deposited NiWO4 thin films are expected to emerge
as a potential candidate for supercapacitors.
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A B S T R A C T   

Polyaniline (PANI) electrodes were prepared using chemical bath deposition method at various reaction bath 
temperatures ranging from 263 to 323 K. The specific surface area and wettability of films are significantly 
impacted by the polymerization temperature, which influences the electrochemical performance of electrodes. 
The electrode synthesized at 303 K showed a maximum specific surface area of 25 m2 g− 1, specific capacitance 
(Cs) of 816F g− 1 (0.11F cm− 2) at a scan rate of 0.005 V s− 1, and 89% capacitive retention after 1,000 cyclic 
voltammetry (CV) cycles. An aqueous asymmetric supercapacitor device was fabricated using PANI as a cathode 
and tungsten oxide (WO3) as an anode in 1 M H2SO4 electrolyte. The fabricated PANI/H2SO4/WO3 device 
achieved a maximum Cs of 43 F g− 1 with an energy density of 12 Wh kg− 1 at a power density of 0.88 kW kg− 1 

and 72 % capacitive retention after 10,000 CV cycles.   

1. Introduction: 

In response to the fast growth of the global economy, the depletion of 
fossil fuels, and the degradation of ecosystems, there is a critical need to 
improve extremely effective, inexhaustible, and environment friendly 
methods for the conversion and storage of energy. This has animated 
advances in converting renewable energy through greenways and in
novations related to electrochemical energy storage, i.e., super
capacitors and batteries [1,2]. Because of their inherent electrochemical 
properties, such as fast charge–discharge, long cycle stability, greater 
energy density compared to capacitors, and larger power density than 
ordinary batteries, supercapacitors have been explored as key enabler 
for the next generation energy storage device. Supercapacitor materials 
are split into three groups based on charge storage mechanisms: electric 
double-layer capacitors (EDLC), pseudocapacitors, and battery-type 
supercapacitors [3]. 

In EDLC capacitors, charge storage is caused by an electrostatic 
process at the electrode/electrolyte interface. EDLC materials are 
carbon-based, such as carbon nanotubes (CNT), activated carbon, and 
carbon aerogel, etc. [4-6]. The pseudocapacitor charge-storage system 
essentially depends on exchanging charge through the electrolyte and 
electrode surface redox reactions. Pseudocapacitor materials include 
transition metal chalcogenides and conducting polymers such as 

polyaniline (PANI) [7], polypyrrole (Ppy), and polythiophene (PT) 
[8,9]. The charge storage mechanism is based on strongly electro
chemical redox reactions in battery-type materials, like Ni-based mate
rials. Conducting polymers have unique and important properties, such 
as high electrical conductivity like metals and the capability to transi
tion between redox states. PANI is an excellent material among con
ducting polymers and has been studied recently due to its easy synthesis 
process, low price, and interesting redox properties applicable in 
supercapacitor devices [10]. 

A convenient method for significant deposition on many substrates is 
the chemical bath deposition (CBD) method. It is quite an easy and 
cheap method compared to other methods. The development of nucle
ation is essential for the formation of precipitates. The result of nucle
ation in solution is that the molecular clusters produced quickly 
decompose, and particles combine to grow the film to a particular 
thickness. The controlled precipitation of the desired compound from a 
solution of its constituents is the fundamental principle of the CBD 
method [11,12]. 

The reaction temperature is more important in thin film preparation 
since it impacts the rate of reaction, morphology, thickness, surface 
wettability, and pore size, which determine the ions transport kinetics 
[13]. However, a complete understanding of its impact on electrode 
electrochemical activity is still lacking. The specific surface area of the 
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A B S T R A C T   

Energy storage in flexible supercapacitor devices extensively depends on electrode design with good electro
chemical as well as mechanical properties. Here, a cost-effective and scalable method is proposed for the syn
thesis of a reduced graphene oxide/ruthenium oxide (rGO/RuO2) composite thin film for flexible supercapacitor. 
The successive ionic layer adsorption and reaction (SILAR) method used to synthesize rGO/RuO2 composite 
electrode allowed the synthesis of amorphous RuO2 with optimized rGO composition. The morphological 
structure of rGO/RuO2 composite examined using a scanning electron microscope showed compact spherical 
microparticles coated on rGO sheets. The electrochemical measurements of rGO/RuO2 composite electrode 
revealed that the composite material achieved a specific capacitance of 1371 F g− 1 at a scan rate of 5 mV s− 1. Due 
to the combined impact of rGO and RuO2, a flexible solid-state asymmetric supercapacitor (FSS-ASC) of 
configuration rGO/RuO2/PVA-H2SO4/WO3 exhibited Cs of 114 F g− 1 at 5 mV s− 1 with 88% of capacitance 
retention after 5000 galvanostatic charge-discharge (GCD) cycles. The FSS-ASC provided a remarkable specific 
energy of 23 Wh kg− 1 and a specific power of 613 W kg− 1. The electrochemical features of rGO/RuO2 composite 
show a promising way to fabricate flexible supercapacitors.   

1. Introduction 

The exponential growth in energy use has resulted in a shortage of 
energy resources, leading to a surge in prices. The aforementioned de
mand has resulted in increased utilization of nonrenewable energy 
sources and the advancement of renewable energy technology. Renew
able energy technologies such as wind and solar need energy storage 
systems [1,2]. Furthermore, the progress in electronic devices has 
resulted in a significant increase in demand for electrical energy storage 
devices. Currently, a battery and a supercapacitor are commonly used 
energy storage devices. Although they have distinct energy storage 
mechanisms, they complement each other in storage systems [3,4]. 
Innovative and affordable energy storage technologies have been 
attracting researchers owing to increased reliance on electronic devices. 
In the last few years, the development of flexible supercapacitors has 
drawn a lot of interest because of their rapid charging-discharging 
ability, longer durability, lightweight nature, wide operation voltage, 
robust mechanical flexibility, and safer operation with excellent power 

density [5]. Due to these advantages, flexible supercapacitors are 
extensively utilized in many electronic devices like memory backups, 
electric vehicles, and electronic gadgets, as well as in certain energy 
conversion systems in combination with fuel cells or batteries. 

Supercapacitive materials have been classified into two primary 
categories: electric double-layer capacitors (EDLCs) and pseudocapaci
tors [6]. In general, carbon allotropes with dimensions ranging from one 
to three dimensions, like carbon quantum dots (CQDs), carbon nano
tubes (CNTs), and foams, exhibit characteristics of electric double-layer 
capacitors (EDLCs). Carbon electrodes are widely used in various elec
trochemical applications, including electrochemical double-layer ca
pacitors (EDLCs), electrolysis, and certain types of batteries. These 
electrodes are made from carbon-based materials and are valued for 
their unique properties, which include high electrical conductivity, 
stability, and a variety of available structures. The ability to store charge 
at the interface between the electrode and electrolyte. The electro
chemical reactions that occur at the carbon electrode/electrolyte inter
face in EDLCs involve the physical adsorption and desorption of ions on 
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Effect of post annealing on chemisynthesized 
cadmium selenide (CdSe) thin films: 
physicochemical and photoelectrochemical 
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ABSTRACT
The utilization of solar energy is an essential aspect in order to sustain in the 
energy crisis situation. Semiconductor based photoelectrochemical (PEC) cells are 
used for it. Herein, a binder free approach was employed for the synthesis of CdSe 
thin films on stainless steel substrate and effect of post annealing (350–500 K) on 
physicochemical as well as photoelectrochemical properties were investigated. 
The characterization showed that CdSe thin films crystallized in cubic crystal 
structure with spherical granular morphology with optical band gap of 1.76 eV. 
The effect of post annealing on CdSe thin films is further tested by examining 
their PEC properties. Thin film CdSe electrode annealed at temperature 400 K 
showed highest fill factor (FF) and efficiency (η) of 0.32 and 1.54%, respectively. 
In addition, electrochemical impedance spectroscopy (EIS) study showed superior 
charge transfer properties.

1 Introduction

In recent days, the global energy need is rising day 
by day due to overpopulation and worldwide techno-
economic growth. The progress of humans and nation 
is depending on the utilization of energy. In order to 
have rapid development, adequate energy is a key req-
uisite. At present, mainly fossil fuels viz. petrol, diesel, 
coal, etc., are used to fulfill the energy requirement of 
the world. However, due to limited availability, envi-
ronmental pollution, and overutilization of fossil fuels, 

mankind is going through a drastic energy crisis situa-
tion. In order to resolve this energy crisis scientists are 
looking forward for pollution free, eco-friendly, afford-
able, secure, and sustainable sources of energy [1].

To reduce dependency on fossil fuels and quench 
energy requirement, researchers are gregariously 
paying interest in renewable energy sources (RES) 
including solar, nuclear, wind, tidal, geothermal, etc. 
Among them, solar energy is one of the best options. 
It is a clean and green energy source, as it does not 
generate any pollutants or byproducts hazardous 
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Abstract
The cadmium sulfide/reduced graphene oxide (CdS/rGO) composite thin films were synthesized on stainless steel (SS) sub-
strates using the successive ionic layer adsorption and reaction (SILAR) method. The physico-chemical properties of CdS/
rGO films were studied. The X-ray diffraction (XRD) revealed the growth of nanocrystalline CdS/rGO films with a cubic 
crystal structure. The field-emission scanning electron microscopy (FE-SEM) images of CdS/rGO-80 composite thin films 
showed compact spherical nanoparticles and an optical band gap found to be 2.27 eV. The CdS/rGO-80 composite thin film 
displayed hydrophilic nature with a water contact angle of 33°. The photoelectrochemical (PEC) studies of CdS/rGO thin 
film in dark and under light exhibited n-type of electrical conductivity with an improved photoactivity over bare CdS in 1 M 
polysulfide (NaOH + Na2S + S) electrolyte. It is observed that rGO composited CdS thin film enhances the conversion effi-
ciency (η) from 0.09 to 0.31% than bare CdS films. The electrical transport properties were investigated by electrochemical 
impedance spectroscopy (EIS) study in dark and under illumination conditions and corresponding equivalent circuit of the 
impedance model is developed.

Graphical Abstract
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Synthesis and characterization of crystalline 
cristobalite alpha low silicon dioxide nanoparticles: 
a cost‑effective anode for lithium‑ion battery

Sohan Thombare1  , Rohan Patil2, Ranjit Humane3, Bharat Kale4,6, Ramchandra Kalubarme3, 
Dhanaji Malavekar5, Sambhaji Khot1, Manisha Phadatare2,*, and Chandrakant Lokhande1,*
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ABSTRACT
Silicon dioxide (SiO2 or Silica) is one of the most prevalent substances in the crust 
of the Earth. The main varieties of crystalline silica are quartz, cristobalite, and 
tridymite. When applied as a material for energy, it is affordable and eco-friendly. 
The SiO2 is considered as electrochemically inactive toward lithium. The SiO2 
exhibits low activity for diffusion and inadequate electrical conductivity. As the 
particle size of SiO2 decreases, the diffusion pathway of Li-ions shortens, and 
the electrochemical activity is promoted. In investigation, Cost-effective synthe-
sis approach was employed to produce crystalline cristobalite alpha low silicon 
dioxide nanoparticles (CCαL SiO2 NPs) derived from Oryza sativa (rice) husk 
using a solvent extraction modification technique. The objective was to fabri-
cate an cost-effective future anode nanomaterial that could reduce the significant 
volume expansion growth, pulverization, and increase electrical conductivity of 
CCαL SiO2 NPs anode and develop high specific capacity for Lithium-ion bat-
tery (LiB). To study the phase and purity of the SiO2, a variety of characterization 
methods, including X-Ray Diffraction, Fourier Infra-Red Spectroscopy, Surface 
area analysis, Raman Shift analysis, Field Emission Scanning Electron Micros-
copy and Energy Dispersive X-Ray Spectroscopy, Contact angle measurement, 
Post-mortem X-ray diffraction, and Post-mortem field emission scanning electron 
microscopy were employed. This cost-effective synthesis of CCαL SiO2 NPs anode 
was first reported in this work.
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