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ABSTRACT 

 

The field of electrochemical energy storage is a fast-moving area of technological 

innovation, driven by its crucial function in powering many of today's technologies. From 

making daily life easier with automated locks to enabling the use of common portable 

devices like laptops and phones, its uses are widespread. Moreover, it plays a vital part in 

the progress of sustainable transportation, especially in hybrid vehicles. In this dynamic 

field, lithium-ion batteries and, more and more, supercapacitors have become the leading 

technologies for meeting current energy storage needs. 

Supercapacitors, also called ultracapacitor, offer a powerful middle ground in energy storage 

technology, sitting between the high energy of batteries and the high power of conventional 

capacitors. Their key strengths include rapid power delivery, extremely long lifespan in 

terms of charge-discharge cycles, very fast charging and discharging, and high capacitance. 

These devices are classified into three main types based on their charge storage methods: 

Electric Double Layer Capacitors (EDLCs), which store charge electrostatically at the 

electrode-electrolyte interface; Pseudocapacitor, which use fast, reversible chemical 

reactions for charge storage; and Hybrid Capacitors, which combine both electrostatic and 

chemical storage mechanisms for enhanced performance. While they offer many benefits, a 

major hurdle is increasing their energy density so they can function as the primary energy 

storage in challenging applications. 

This PhD dissertation, "CHARACTERISTIC ANALYSIS OF VANADIUM OXIDE FOR 

ENERGY AND SENSING APPLICATION" explores the creation and thorough 

examination of potential materials for electrodes. It details how graphene oxide (GO) was 

made, along with the synthesis of vanadium oxide (V2O5) and its combination with graphene 

oxide (V2O5-GO). The resulting V2O5-graphene oxide composite underwent in-depth 

analysis using various techniques: Field Emission Scanning Electron Microscopy (FESEM) 

to study its shape, Energy Dispersive X-ray Spectroscopy (EDS) to determine its elemental 

makeup, Fourier Transform Infrared Spectroscopy (FTIR) to identify its functional groups, 

X-ray Diffraction (XRD) to analyze its crystal structure, and Raman Spectroscopy to 

investigate its vibrational properties. The findings from these analyses are thoroughly 

discussed in the thesis. The synthesized composite was then used to create electrodes, which 
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were rigorously tested for their electrochemical performance (using Cyclic Voltammetry - 

CV, Galvanostatic Charge-Discharge - GCD, and Electrochemical Impedance Spectroscopy 

- EIS with a Ni foam current collector) and their ability to sense gases. Later parts of the 

dissertation provide a complete account of these investigations.  

Energy storage and gas sensing are presented in the first chapter as essential pillars of 

contemporary science and engineering, particularly for managing energy and monitoring the 

environment. The chapter illustrates the necessity of energy storage devices, such as 

batteries and supercapacitors, for capturing and storing energy. It then focuses on a key 

challenge: the development of next-generation energy storage solutions that are light, 

flexible, and high-performing to satisfy growing energy demands. This challenge is the 

primary reason researchers are investigating advanced technologies like supercapacitors 

(SCs), lithium-ion batteries (LIBs), and sodium-ion batteries (SIBs). 

The second chapter is dedicated to a thorough review of the existing scientific literature 

pertinent to the research area, establishing the context and identifying knowledge gaps 

addressed by this work. 

The third chapter dives deep into the characterization methods used in this research. It 

explains how the different analytical instruments work, which were crucial for evaluating 

the synthesized samples. These advanced tools and techniques allowed for a thorough 

assessment of the materials' properties, confirming that the synthesized nanoparticles met 

the required specifications and had the necessary characteristics for their intended use in 

supercapacitors and gas sensors. This detailed characterization process provided the insights 

needed to predict how the materials would behave and to optimize device design, ultimately 

leading to more efficient and dependable energy storage and sensing technologies. 

The fourth chapter outlines a key objective of this doctoral research: the synthesis of V2O5 

nanostructures via three distinct methods – Hydrothermal, Mechanochemical, and 

Microwave-assisted synthesis. It focuses on the comparative electrochemical analysis of 

these V2O5 samples when fabricated into electrodes and tested in a 3 M Potassium 

Hydroxide (KOH) aqueous electrolyte. This comparative study revealed that V2O5 

nanoparticles synthesized using the microwave method exhibited the most promising 

electrochemical performance, achieving the highest specific capacitance of 122 Fg⁻¹ among 

the three preparation routes explored. 
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The fifth chapter presents a comparative investigation focused on gas sensing capabilities. 

It analyzes sol-gel spin-coated V2O5 nanostructured thin films, synthesized using materials 

derived from both the mechanochemical and microwave methods previously explored. 

These films were tested for their ability to detect volatile organic compounds (VOCs) – 

specifically acetone, methanol, and isopropanol (IPA) – electrochemically at room 

temperature. The experimental findings revealed a P-type semiconductor-like behavior and 

demonstrated notably high sensitivity and selectivity of the V2O5 sensor towards acetone 

vapor compared to IPA or methanol vapors. Impressively fast response and recovery times 

were recorded: 4 seconds response and 2 seconds recovery for acetone, 12 s and 2 s for IPA, 

and 6 s and 3 s for methanol, respectively. This study provides valuable insights for 

engineering high-performance, ultrafast, and highly selective industrial-grade acetone vapor 

sensors.  

Expanding on previous optimization efforts, the sixth chapter focuses on the preparation of 

V₂O₅/graphene oxide (GO) nanostructures using a specifically optimized microwave 

technique. This investigation systematically explores the impact of GO loading (5, 10, and 

15 wt %) on the electrochemical properties of the resulting composites. The optimized 

nanostructures demonstrated outstanding performance as supercapacitor electrodes, 

reaching a maximum specific capacitance of 737 Fg⁻¹ at 1 Ag⁻¹ and a remarkably low charge 

transfer resistance of 0.5 Ω, crucial for high-power applications. Furthermore, the study 

reports the successful integration of a carbon coating onto the V₂O₅ through a combined 

microwave process. This strategically designed V₂O₅-GO nanorod architecture exhibits 

highly desirable capacitive features, including high specific capacitance and low internal 

resistance. This work builds on earlier findings where a V₂O₅-GO composite, prepared with 

microwave-derived V₂O₅ and GO via a hydrothermal route, achieved a significant specific 

capacitance of 736 Fg⁻¹ in 3 M KOH, surpassing that of pure V₂O₅. 

In conclusion, this thesis directly compares the supercapacitor performance of pure V₂O₅ 

and V₂O₅/GO electrodes, evaluated through comprehensive electrochemical testing in a 3 M 

KOH electrolyte. Furthermore, it revisits gas sensing measurements to clarify how post-

synthesis treatments (sonication and microwave assistance) affect the resistance change and 

response times of the sensor materials, explicitly demonstrating the impact of these 

treatments on surface modification and gas detection capabilities. 
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1.1. Need of energy storage system 

Energy is essential for human society's growth because it supports so many different 

demands and projects, including those related to food, clothes, housing, health, education, 

and the economy. Global energy consumption rose by 2.3% in 2018 [1]. The world's energy 

usage saw a significant uptick in 2018, with a 2.3% increase marking the largest growth in 

a decade. Meanwhile, global electricity demand jumped by 4%, reaching a record high of 

over 23,000 terawatt-hours. If this trend continues, energy demand is expected to skyrocket 

to over 35,000 terawatt-hours within the next few decades. 

According to the World Energy Outlook 2019 – Analysis, 2019 figure 1.1, fossil fuels 

included coal, gases and petroleum now account for 68% sources of energy, nuclear power 

for 14%, hydropower for 15%, and other renewable energy sources for 3%. Therefore, fossil 

fuels are the primary source of energy; but, their supply is limited, they are finite, and as 

they break down, they flow pollutants into the environment, including carbon dioxide [1]. 

Only half of the CO2 produced by burning fossil fuels is absorbed by natural processes, 

leaving the earth with a net annual increase of about 10.5 billion tons of CO2. Therefore, it 

is important that we look for advanced, less expensive, and pollution-free renewable energy 

sources. 

 

Figure 1.1 Source of Energy Storage 
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Solar energy, geothermal energy, biomass, hydropower, wind energy, and biofuels are some 

examples of sustainable energy sources. For fulfilling the global energy requirements, these 

sources cannot be completely utilized at all times nor have the necessary technologies been 

created. Because energy storage systems must be able to provide energy on demand 

whenever needed, energy management is a crucial undertaking that necessitates giving 

energy storage the same priority as energy production. Energy storage systems that are 

affordable, versatile, lightweight, and environmentally friendly are necessary in today's 

world. As seen in figure 1.2, a large number of scientists and researchers are studying energy 

storage systems, which include supercapacitors, batteries, fuel cells, and capacitors [2]. 

 

                  Figure 1.2 Representing different energy storage systems 

 

Battery is the mostly used for energy storage application, despite a number of disadvantages, 

such as a slow charge-discharge rate, a short lifespan, and a heavy weight. The application 

of supercapacitors is one possible resolution for these problems. Supercapacitors have 
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several important features, fast charging and discharging rates, high power density, long 

cycle stability and light weight. These attributes make them suitable for a range of 

applications, including power backup, hybrid vehicles, portable electronics, and military 

usage.  

An electrical energy storage device's energy density and power density have a strong 

association with its performance. An effective way to measure an electrochemical device's 

performance or potential is to plot its energy density compared to power density, or Ragone 

plot. 

A Ragone plot, which compares power density to energy density, is seen in Figure 1.3. 

Specific energy and specific power are significantly impacted by supercapacitors. Because 

supercapacitors have high energy density than regular capacitors and high power density 

than lithium-ion batteries, which is the most effective way to meet the growing demands of 

energy storage systems in the twenty-first century [3]. 

 

Figure 1.3 Ragone plot of power density against energy density 

Supercapacitors may be broadly classified into two categories based on the way they store 

energy. Electrostatic charge that forms at the electrode/electrolyte contact is the only kind 

of capacitance found in an EDLC. Wide-surface-area, carbon-based compounds that are 
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obtainable by the electrolyte ions are typically employed. The expected energy density of 

EDLCs is 5 Wh/kg, and they are capable of supporting millions of cycles since the electrodes 

do not physically change while they are charged or discharged. A distinctive kind of 

capacitor is the pseudo capacitor, which operates on fast and reversible faradaic redox 

processes using TMOs and electrically conductive polymers as material of electrode. This 

pseudocapacitance can be covered using an electric double-layer capacitance. Higher energy 

densities have been achieved by pseudocapacitance-based devices than by EDLCs; however, 

phase changes carried on by the faradaic processes occurring within the electrode limit their 

lifetime and power density. To provide the necessary synergistic effect, these two processes 

can occur at the same time depending on the electrode materials' composition. 

Different types of energy storage system 

Different type of energy storage system such as fuel cell, battery, conventional capacitor and 

supercapacitor. Supercapacitor will be discuss in detail.   

 

1.1.1. Fuel cell 

Fuel cells are devices that use redox reactions to transform fuel's chemical energy into 

electrical energy. It is made up of an electrolyte and two electrodes, just like batteries. 

Hydrogen gas (H2) given to the anode and gaseous oxygen (O2 - often acquired directly from 

ambient air) pumped to the cathode are used to produce the fuel for fuel cells. Electricity, 

water, and heat are the reaction products of a pair of redox processes at the two electrodes. 

The electrodes comprise porous catalysts with excellent electron conductivities but no 

proton conductivity. These are typically comprised of carbon sheets that have been lightly 

coated with platinum nanoparticles. An electrolyte is a substance having strong proton 

conductivity and a zero or extremely low electron conductivity [4]. Fuel cells may create 

electricity constantly for as long as fuel is available, but they require a constant supply of 

fuel to maintain the chemical reaction. Fuel cells have high energy density but very low 

power density, and they lack any harmful by products or electronic waste. 

1.1.2. Battery 

According to Tarascon and Armand (2010) and Caillon-Caravanier et al. (2002), An 

electrolyte-electrolyte interface involves faradic reactions (oxidation and reduction) that 

transform chemical energy into electrical energy, which is essentially batteries perform. A 
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negative electrode, positive electrode, electrolyte, and separator make up each of the several 

cells that comprise a battery. When electrodes are attached by an external load, free electron 

movement from negative to positive potential and ion migration across the electrolyte take 

place, generating electrical energy while maintaining charge neutrality [5]. In the area of 

energy storage, batteries are well-known and have seen significant development since they 

were widely available in the 1980s. Numerous electronic equipment, such as laptops, cell 

phones, remote alarm systems, solar power storage, and even hybrid electric automobiles, 

use batteries as portable energy sources. However, several difficulties prevent their 

excessive usage, including their heavy weight, low power density, short shelf life, and the 

fact that they produce a significant amount of environmentally toxic electronic trash [6]. 

 

Table 1. Comparing the basic characteristics of batteries, conventional capacitors and 

supercapacitors [7]. 

Sr. No. Factors Capacitors Batteries Supercapacitors 

1. Cyclability 

(cycle life) 

Almost infinite ~500 – 2000 > 5,00,000 

2.  Specific power 

(W kg-1) 

>10,000 ~50 – 200 ~1000 - 2000 

3.  Specific energy 

(Wh kg-1) 

< 0.1 ~20 – 100 ~1 - 10 

4.  Charging time ps - ms H ms to s 

5.  Discharging 

time 

ps - ms H ms to s 

6.  Charge-

discharge 

efficiency (%) 

~ 100 ~70 – 85 Up to 99 

 

1.1.3. Conventional capacitor 

An insulating material separates the two parallel conducting metal plates (electrodes) that 

make up a capacitor as shown in figure 1.4. Electricity is stored in capacitors in the form of 

electrical charges that create a voltage across their plates. 
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When DC voltage is delivered across a capacitor, an equal amount of positive and negative 

charge develops up on each plate. The capacitance of the capacitor, which is dependent on 

the surface area and spacing of the conducting plates and a gap that acts as a dielectric 

between them, is connected to the charge that is deposited on the plates, the applied voltage 

across the capacitor plates, and the applied voltage across the capacitor plates [8]. 

 

Figure 1.4 Schematic representation of conventional capacitors 

 

In the equation no (1) capacitance (C) is shown as where the area of cross sections is A, d is 

distance, and ε is the medium's permittivity. 

𝐶 =
𝜀𝐴

𝑑
                                                                                                                        ……1 

The charge (Q) that remain on the plates is determined by multiplying the applied voltage 

by the capacitance, as shown below: 

𝑄 = 𝐶𝑉 

The power (P) and energy (U) of a capacitor is expressed as 

P = V2

4R⁄  

𝐸 = 1
2⁄ 𝐶𝑉2 
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Where R is the equivalent series resistance. 

 

1.3  Supercapacitor 

Air pollution, climate change, dwindling fossil fuel supplies and rising oil costs, restricted 

natural resource availability in the global ecosystem, and other factors are pushing the globe 

towards the development of environmentally benign, high-power energy sources. 

Development of clean, safe and environmentally friendly energy sources is necessary for 

solving these problems. Today, high electric energy may be produced by transforming 

natural energy sources like the sun, wind, and sea tides into sustainable and renewable ones. 

However, humans have limited power over events of nature as renewable resources are 

dependent on geographic and environmental factors including location, temperature, and the 

gravitational pull of the sun and moon on Earth. It is more crucial to use these renewable 

energy sources for continuous energy production rather than only using them to replace 

fossil fuels. Additionally, storing energy in a variety of forms is a crucial component that 

can address the issues [9]. Electrical energy storage devices are essential to many 

applications. The development of electric vehicles and the storage of renewable energy both 

depend significantly on advanced technology. 

Future energy demands must be achieved; hence it is essential to create lightweight, flexible, 

high-performance energy storage technology. This situation has encouraged researchers to 

investigate improved energy storage technologies, such as supercapacitors, lithium-ion 

batteries (LIBs), and sodium-ion batteries. Recently, supercapacitors have garnered a lot of 

attention due to their huge potential for a wide range of applications. Supercapacitors offer 

better energy storage properties than conventional capacitor due to their rapid 

charge/discharge efficiency, extended cycling life (> 500,000 cycles), and high power 

density (> 10 kW kg-1) [9]. The positive and negative electrodes of a supercapacitor are 

electrically separated by a separator (such as an aqueous and non-aqueous electrolyte, 

porous membrane, etc.). The electrical double layer (EDL) is an electrode surface that is 

used in the procedure of supercapacitors (figure 1.5) to collect ions from the electrolyte. The 

usage of supercapacitors is common in hybrid cars, telecommunications equipment (remote 

communication, mobile phones, walkie-talkies, satellites, etc.), memory backup systems, 

pacemakers, portable electronic gadgets, etc.  
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Figure 1.5 Electrical double layer (EDL) is an electrode surface that is used in the 

procedure of supercapacitors to collect ions from the electrolyte. 

Table 1 highlights the differences in performance between different energy storage 

technologies (supercapacitors, batteries, and regular capacitors). Researchers have focused 

a lot of their attention on batteries among the many energy storage systems that are now on 

sale because of their capacity to store large amounts of energy and deliver sufficient power 

for a wide range of applications. However, during the charge-discharge cycles of batteries, 

irreversible redox processes typically arise by the electrode-electrolyte interfaces, changing 

the molecular pattern of the active materials. Because of this, batteries typically only have a 

limited lifespan of a few hundred to a thousand charge-discharge cycles, which results in 

lower cyclic performance [10]. Contrarily, since supercapacitor active materials are not 

involved in redox processes, there are no substantial chemical changes in electrode materials 

during cycling. As a result, this highly reversible storage system usually achieves a nearly 

infinite cyclability [11]. In addition, supercapacitors provide substantially greater power 

distribution for brief periods. Charge-discharge mechanisms in batteries, however, are 

substantially slower than those in supercapacitors due to faradaic processes [12]. 

Furthermore, batteries need at least several hours or longer to release their energy and 
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recharge while supercapacitors may be charged and drained in a matter of seconds [13]. 

Supercapacitors' fundamental strength, meanwhile, is that they have an equivalently lower 

energy capacity than batteries [14]. Supercapacitors have been proven to be a developing 

strategy to combat the rising power demand in multi-functional gadgets in the twenty-first 

century because to their high power. 

Supercapacitor performance 

The formula of specific capacitance for a supercapacitor 

                                                                   𝐶𝑠 =
𝑄

𝑚𝑉
                                                         ….. 

(2) 

Where Q is the stored charge in coulombs, V is the voltage in volts, and m is the weight of 

the active material applied to the electrode expressed in grams. If the Q charge flows in time 

t, the current will be. 

𝑖(𝑉) =
𝑄(𝑉)

𝑡
 

Or                                                           𝑄(𝑉) = 𝑖(𝑉) × 𝑡                                               ..... 

(3) 

Putting equation (3) into equation (2) result in 

𝐶𝑠 =  
𝑖(𝑉) × 𝑡

𝑚𝑉
 

The above equation can be rewritten as 

𝐶𝑠 =
𝑖(𝑉)

𝑚
𝑉
𝑡

 

Where V/t is scan rate of cyclic voltammetry in Volt/sec and V/t represented by k: 

𝐶𝑠 =
𝑖(𝑉)

𝑚𝑘
 

Or                                                        𝑖(𝑉) = 𝐶𝑠 × 𝑚 × 𝑘                                           …..(4) 

The area that is encircled by the CV curve is represented by in figure. 

𝐴 = ∫ 𝑖(𝑉)𝑑𝑉
𝑉2

𝑉1

= ∫ (𝐶𝑠

𝑉2

𝑉1

× 𝑚 × 𝑘)𝑑𝑉 

Or                                                  𝐴 = (𝑉2 − 𝑉1)𝐶𝑠 × 𝑚 × 𝑘 

Or                                               𝐶𝑠 =
𝐴

(𝑉2−𝑉1)×𝑚×𝑘
                                                    …… (5) 
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Where V is the whole voltage range, V/t is the scan rate in V/s, Cs is the specific capacitance 

expressed in F/g, and m is the weight deposited on the electrode in gm. The area that the 

curve encloses is A. 

In relation to this, cyclic voltammetry is utilized to determine the specific capacitance Cs of 

a supercapacitor using equation (5). 

 

1.3.1 Types of Supercapacitors 

Electrochemical supercapacitors may be categorized into three kinds based on the electrodes 

and the mechanism of energy storage used: hybrid capacitor, EDLC and pseudocapacitor. 

Electrochemical Double Layer Capacitors (EDLC) 

An EDLC's electrode surface and electrolyte contact exhibits an accumulation of charge 

when a voltage is applied across them due to electrostatic interactions. To enhance EDLC 

storage capacity, the electrode materials need to possess a substantial specific surface area 

[15]. In this situation, electrodes typically constructed of carbon materials with large 

porosities are utilised as shown in figure 1.6. 

 

Figure 1.6 Systematic diagram of Electrochemical Double Layered Supercapacitor 

An EDLC may achieve high power densities, quick charge-discharge cycles, and great cycle 

stability because the electrical energy is stored via ion adsorption, which is a completely 
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electrostatic process that excludes Faradaic charge transfer [16]. By using the use of an 

external load, electrons are transferred from the negative to the positive electrode when the 

system is charged. At the interface of the electrode and electrolyte, two layers develop when 

anions travel toward the positive electrode and cations migrate toward the negative electrode 

in the bulk electrolyte. The procedures change, however, when the system discharges. No 

net ion exchanges or charge transfers across the interface of electrode and electrolyte occur 

through this process between the electrodes and the electrolyte. This suggests that during 

the cycles of charging and discharging, the concentration of electrolyte stays constant [17]. 

Pseudocapacitor 

The energy-storing capability of a pseudocapacitor is derived from reversible redox 

processes, sometimes referred to as the faradic process, which occur at or close to the surface 

of an electrode material. The electrochemical parameters of the device have a close 

connection to a carbon-based capacitor with a significantly higher capacitance due to the 

rapid redox process. The energy storage mechanism of pseudocapacitor, in contrast to 

EDLCs supercapacitor, is based on a transfer of charges through reversible faradaic 

interactions between electrode and electrolyte. An oxidation/reduction process in a 

pseudocapacitor is schematically represented in Figure 1.7. Pseudocapacitor materials often 

include metal oxides, sulphides, conducting polymers, and phosphates [18]. Pseudocapacitor 

create 10 times more capacitance and have a better energy density than EDLCs because their 

electrode surface has a higher capacity for storing charges than EDLCs.  
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Figure 1.7 Systematic diagram of Pseudocapacitor 

However, Pseudocapacitor properties include the size of the particle, the conductivity and 

porosity of the materials, the electrode's surface area, etc. Pseudocapacitor also have a 

shorter lifespan than EDLCs because the active material delaminates as a result of 

electrochemical redox processes. However, pseudocapacitive materials are becoming more 

and more popular because of their high specific capacitance, high energy density, and rapid 

and reversible redox processes. 

 

Hybrid Capacitor 

A hybrid capacitor is a device that simultaneously uses electrostatic and faradaic energy 

storage methods display in figure 1.8. Asymmetric designs are employed in hybrid 

capacitors, which give an expanded operating potential window while the cathode and anode 

materials are different. This improvement results from combining two distinct active 

electrode materials, each operating efficiently within different potential windows. This 

synergy enhances the device's overall working voltage, boosting its performance. One 

battery-type electrode (usually composed of metals like lithium, PbO2, TiO2, and Ni(OH2), 

among others) and one EDLC electrode (usually made of activated carbons) are commonly 
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used in asymmetric systems [19]. Examples of typical hybrid capacitors constructed using 

carbon and electrodes similar to those found in batteries include carbon//RuO2/TiO2 [20], 

carbon//titania nanotubes [21], and carbon//Ni(OH)2 [22]. The newest types of hybrid 

capacitors are battery-type hybrid devices, such as carbon/PbO2 and lithium-ion capacitors 

(LIC). It is also possible to construct asymmetrical hybrid capacitors by using one 

pseudocapacitive positive electrode (such as MnO2) and one electrode that resembles a 

rechargeable battery (such as Li metal) [23]. 

 

Figure 1.8 Schematic representation of hybrid or lithium-ion capacitor 

 

1.3.2 Supercapacitor Design  

Three fundamental parts make up a supercapacitor: the separator, the electrolyte, and the 

electrode. The electrochemical characteristics of SCs are mostly determined by the electrode 

and electrolyte. However, the electrode is the main source of energy both delivery and 

storage. The details of a supercapacitor system's different parts are provided in the following 

sections. 

 

1.3.2.1 Electrode materials 
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The fast growth of supercapacitor technology has been possible for several years by the 

change of new smart electrode materials with higher specific capacitance. The electrode 

material is the factor that has the biggest impact on a supercapacitor system's 

electrochemical performance. There are three different types of electrode materials that are 

employed and advantageous for the supercapacitor application. These consist of carbon-

oriented compounds, polymers, and TMOs. 

Carbon based material 

For supercapacitor electrode applications, high surface area carbon and carbon-based 

compounds are frequently used. The chemical and physical characteristics of carbon 

materials are generally advantageous. Because of their many advantages, such as their 

natural abundance, affordability, ultrahigh specific surface area, high conductivity, porous 

structure, high corrosion resistance, process ability, and improved compatibility, carbon-

based materials are a preferred choice for supercapacitor electrode applications. Carbon 

cryogels, carbon aerogels carbon nanotubes, carbon nanofibers graphene, and activated 

carbon are just a few of the several forms of carbon that are utilized as SC electrodes [24]. 

The carbon-based products made from natural resources, such as wood, animal waste, 

and others, have significant impurity/ash content, which lowers the performance of the 

supercapacitor system [25]. Additionally, the pores have a limited number of diameters and 

differ between sources. As a result, "activation" is the process of increasing the surface area 

and porosity of carbons by heat or chemical treatments, which leads to the creation of 

activated carbon (AC) [26]. The unique porous structure of the activated carbons (ACs) 

consists of macropores larger than 50 nm in diameter, mesopores ranging in dimension from 

2 to 50 nm, and micropores smaller than 2 nm. As electrodes for supercapacitors, the AC 

and their composites are widely used [27]. Higher capacitance values are often produced by 

electrode materials that include a significant number of mesopores (2–50 nm). The specific 

capacitance of the ACs is affected by the limited availability of mesopores because of the 

decreased ion accessibility with improved surface area of the ACs [28].  

Since the 1990s, most of the research has focused on the use of carbon nanotubes (CNTs) 

as supercapacitor electrode materials. It has several advantageous characteristics, including 

a small pore size distribution PSD, a big surface area, low resistivity, and unique stability 

[29]. These benefits make CNT an attractive material for supercapacitor electrodes [30]. 

However, because to their expensive manufacture, CNTs are not practical for large-scale 
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production. But it's also crucial to remember that they usually act as conductivity enhancers 

and take the role of carbon black and activated carbons in supercapacitor electrodes [31]. 

The high electrical conductivity and enormous intrinsic surface area of graphene make it a 

suitable electrode material for supercapacitors [32]. In addition, graphene has great heat 

conductivity, low mass density, more stability in terms of chemicals, and remarkable 

intrinsic strength [33]. Because of these appealing qualities, graphene offers a superior 

platform for ion and electron storage and transit [34]. 

Numerous researchers have used graphene extensively for supercapacitor electrode 

applications [35]. 

Conducting Polymer  

The conducting polymers are a special type of electrode materials for supercapacitor 

applications because of their unique three-dimensional (3D) porous structure, high 

capacitance, high energy density, scalable production methods, and light weight [36]. The 

most common conducting polymers used for SCs are polyaniline, polypyrrole and poly 

[3,4ethylenedioxythiophene] (PEDOT) and its variants [37]. Regarding their potential in 

supercapacitor applications, many attractive papers based on conducting polymer electrodes 

have been reported [38]. Conducting polymers may be used in supercapacitor electrode 

applications, but there are some major drawbacks, including low cyclic stability, active 

material removing off from collector, bulging of the electrolyte on increased cycling, and 

oxidative degradation of active material [39]. 

Metal Oxides 

The transition metal oxides and nanostructures based on them are used as smart options for 

supercapacitor electrode applications because of their attractive redox chemistry. To identify 

a few materials that have been studied as supercapacitor electrodes are nanostructured 

ruthenium oxide (RuO2) [40], titanium oxide (TiO2), manganese oxide (MnO2) and nickel 

oxide (NiO) [41], iron oxide (Fe2O3), cobalt oxide, and vanadium pentoxide (V2O5). 

Furthermore, studies have concentrated on integrating TMOs with conductive or carbon 

oriented polymers, mixed metal oxides, and ternary composites to increase the 

electrochemical performance [42]. 

RuO2 is a desirable material for energy storage applications because of its range of oxidation 

states. It features rapid proton transport across water, a low electrical resistivity, and great 
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theoretic specific capacitance of up to 1450 Fg-1. This interesting material has gone through 

substantial research in relation to applications for supercapacitor electrodes. 

However, the greater price, environmental concerns, and limited supply of this precious 

substance prevent its widespread use. Several research organizations all over the globe have 

focused their efforts on finding alternatives to RuO2 for use in energy storage applications 

[43]. When it comes to supercapacitor electrode applications, MnO2 is seen to be a superior 

substitute for RuO2. MnO2 has garnered significant attention in supercapacitor development 

because of its distinct characteristics. Among these are an extensive potential window in 

aqueous electrolytes, cost-effectiveness, and environmental friendliness, with a large 

specific capacitance in theory is 1370 Fg−1. Various researchers have utilized MnO2 as an 

electrode material for electrochemical performance, highlighting its potential in enhancing 

energy storage performance [44], [45]. However, its practical use is limited by its low 

specific surface area and manganese ion solubility in aqueous conditions [46], [47], [48], 

[49], [50], [51]. 

Supercapacitor electrodes made of Co3O4 and TiO2 nanostructures have also been tested 

because of their cost-effectiveness, better theoretical capacitance, and environmental 

friendliness. With the help of charge-discharge processes, TiO2 has high structural stability. 

Additionally, applications for both electrodes in supercapacitor devices were investigated 

[52], [53], [54], [55], [56], [57]. 

Among the metal oxides that have been researched the most for use as supercapacitor 

electrodes is NiO. This material is also inexpensive, has excellent thermal and chemical 

durability, and has a high theoretical specific capacitance (2573 Fg-1) in the 0.5 V potential 

range. Because of these special qualities, NiO is widely employed for supercapacitor 

electrode applications [58], [59], [60]. 

Fe2O3 has attracted the interest of several researchers since it is less harmful and abundant 

naturally. Fe2O3 also has the ability to be non-combustible and environmentally friendly, 

which are significant characteristics. Fe2O3 nanostructures' performance in supercapacitor 

electrode applications has recently been widely reported by researchers [61], [62], [63], [64]. 

Metal oxides have also been observed to increase electrochemical performance in SCs in 

addition to metal oxide nanostructures [65], [66], [67]. 

 

1.3.2.2 Electrolyte 
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An important component of an SC system, electrolytes connected to the two electrodes and 

provides charge transfer. Aqueous electrolytes, organic electrolytes, and ionic solutions are 

the three main types of electrolytes that are frequently used. Each of these electrolytes has 

advantages and drawbacks of each one. For example, neutral aqueous electrolytes used in 

SCs have increased conductivity and capacitance. But because of the low decomposition 

voltage of aqueous electrolytes, its operating voltage is constrained (up to 1.2 V) [68]. 

However, organic electrolytes function at much greater voltages but have poor ionic 

conductivity. Although the fact that ionic liquids at room temperature produce the optimum 

working voltage, their expensive price makes them unsuitable. The electrolyte's ionic 

conductivity and stability within the applied potential window are the main factors 

influencing the selection of electrolytes. 

Aqueous electrolytes 

Energy storage applications frequently utilise the use of aqueous electrolytes. For example, 

aqueous electrolytes were utilised in 84.8% of published studies in 2014 [69]. Additionally, 

aqueous electrolytes are affordable and simple to handle, which greatly simplifies the device 

production process. In SCs, neutral aqueous electrolytes have strong ionic conductivity, 

are inexpensive, and are non-flammable. The dissolved ions in aqueous electrolytes are 

smaller in size, and their dielectric constants are larger. These two characteristics increase a 

supercapacitors capacitance. Increased conductivities of aqueous electrolytes up to ⁓1 Scm–

1 lead to increased power delivery [70]. However, its use is restricted by the low working 

window value (1.2V). An inverse square connection exists between a supercapacitors energy 

density and cell voltage. Supercapacitors can have much higher energy densities by 

extending the electrolyte's voltage window [71]. 

Organic electrolytes 

Currently leading the market are commercial supercapacitor devices with organic 

electrolytes because of their enhanced voltage range of 1V to 2.7V. These devices are more 

efficient because the increased cell voltage greatly improves electrochemical characteristics 

like specific capacitance and energy density. Additionally, organic electrolytes allow for the 

use of packaging and electrodes made of cheap materials, such as aluminium. To create 

stable electrolytes with greater conductivity and a wider potential window, several research 

projects are being undertaken. Before using it as an electrolyte for SC applications, 
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researchers should carefully examine its high cost, reduced ionic conductivity, flammability, 

volatility, and toxicity. 

Ionic liquid electrolytes 

Ionic liquids are another category of electrolytes for SCs that are solvent free. Ionic liquids 

are used as electrolytes, which increase the potential window to over 3V [72]. The 

electrolytes that are used most frequently include (fluoromethanesulphonyl) imide (FSI) and 

bis (trifluoromethanesulphonyl) imide (TFSI). At ambient temperature, these ionic liquids 

have a relatively low conductivity. However, energy storage devices are employed between 

-30°C and +60°C. To enhance the stability and conductivity of ionic liquids at ambient 

temperatures, further modifications are necessary. Despite their potential, these liquids need 

additional adjustments to optimize their performance and ensure reliable operation under 

standard conditions. The expensive price of these components prevents many people from 

using ionic liquids, despite their effectiveness. 

 

1.3.2.3 Separator 

A supercapacitor system includes the separator as one of its components. The Separators are 

ion-permeable, preventing both electrical and physical contact while allowing the transfer 

of ion charges. Separators in supercapacitors need to have greater ionic conductivity and be 

smaller to function effectively. Supercapacitor typically use nonwoven paper/polymer 

separators with aqueous electrolytes [73]. 

 

1.4 Gas sensors in daily life  

Humans now enjoy a high quality of living thanks to the industrial revolution [74]. The need 

for energy sources has grown as a result of the transportation, industrial, and agricultural 

sectors developing quickly. Regular energy sources, like as petroleum products and fossil 

fuels, have been used in recent years to meet energy needs, but their stocks are finite. To 

meet the need for energy, these conventional sources must be replaced. Air pollution is the 

main issue with these old energy sources. The amount of air pollution rises as a result of the 

huge amount of pollutants produced into the environment. Air pollution has been an 

international issue in recent years due to the release of hazardous chemicals into the 

atmosphere, which results in acid rain, greenhouse effects, and ozone layer depletion [75]. 
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Numerous hazardous gases, including ammonia (NH3), acetone, nitrogen oxides (NOx), 

xylene, methanol (CH3OH), carbon dioxide (CO2), ethanol (C2H5OH), amines, and many 

more, are continuously released from the transportation of vehicles, the industrial sector, the 

production of electricity, the combustion of fossil fuels, and many other sources. The amount 

of toxic contaminants in the atmosphere is rising daily, endangering both human health and 

the ecosystem [76]. 

There have been reports of the poisonous gas disaster from all across the world in recent 

years. The Union Carbide India Limited (UCIL) office was relocated from Mumbai to 

Bhopal in 1968. Bhopal is a stunning and ancient city in India. Sevin Technical Concentrate 

was imported from the United States of America and work on grinding and mixing was 

completed at the Bhopal factory, which was established in 1969 as a formulation plant. 

Methyl isocyanate (MIC) was used to begin the manufacturing of sevin insecticide in 1980. 

However, following four years of trouble-free operations, 30 metric tonnes of MIC gas 

unintentionally spilled from the factory on December 2, 1984. Nearly 200,000 individuals 

were directly exposed to this very deadly MIC gas at Bhopal, where almost 20,000 people 

perished. Following this catastrophe, the factory closed down [77]. Other than Delhi, 

Gwalior, and Allahabad, these cities are among the most polluted in the world, which 

presents a serious risk to public health. The eye, nose, ear, fingers, tongue, and other sensory 

organs function as sensors for light, sound, smell, touch, and taste. The human sensory 

organs that function as distinct sensors are shown in figure 1.9. The human nose is the most 

effective sensor of all these organs; it can identify and differentiate between a wide range of 

gases, although it cannot detect odourless gases or gases at very low concentrations [78].  
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Figure 1.9 Human organs act like sensors. 

Therefore, a more advanced, reasonably priced, and reliable gas sensor is required. The last 

several decades have seen a sharp rise in the need for portable, reliable gas sensors that can 

differentiate between different gases at low concentrations. In the past, coal mining was the 

first application for gas sensors [79]. The earliest gas sensor was the screaming canary, 

which was employed in mining operations to detect the dangerous gas methane. Later, 

Davey's lamp was also employed as a gas sensor. When Bardeen and Brattain originally 

published on the concept of the sensor in 1953, it marked as a significant development in 

the field of gas sensors. Taguchi first developed a metal oxide semiconductor (MOS)-based 

gas sensor in 1968. In general terms, detectors are electronic transducers that can transform 

signals—mechanical, electrical, magnetic, chemical, optical, thermal, etc into readable 

forms and provide information about the gases present in the surrounding atmosphere [80]. 

The most important characteristics of an exceptional gas sensor are its high sensitivity, low 

working temperature, and fast reaction and recovery time [81]. MOS-based gas sensors 

include those found in TiO2 [82], SnO2 [83], WO3 [84], V2O5 [85], ZnO [86] and several 

other materials. 

 

1.4.1 Types of gas sensor 
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It's important to understand the actual significance of gas sensors before talking about 

different kinds of sensors. A substance that reacts to its surroundings and produces a signal 

is a MOS-based gas sensor. The reaction is subsequently read by the electronic device and 

transformed into sensible and quantitative terms. To put it another way, a gas sensor is an 

electrical device that can identify gases in the environment. Gas sensors are classified into a 

number of types that are described below based on their basic principles of operation. 

Chemirestive Gas Sensor 

Semiconducting materials are typically used in its construction, and charge carrier density 

changes are sensed. To put it another way, it measures how a semiconductor's conductivity 

changes when it relates with the gas under study. Mostly used the metal oxides, which 

include SnO2, TiO2, WO3, and others. These materials are sensitive to carbon hydroxide, 

CO2, H2S, NH3, NOx, and O3. Typically, an illuminating substrate is used to create this kind 

of gas sensor, which is connected to Au, Pt (conductive wires). The component is included 

in the circuit. When the target gases interact with the O2 and become adsorbed on the sensor 

element, there is a significant change in energy levels, which highly contributes to gas 

detection [87]. 

Potentiometric gas sensor 

It depends on Nernst's finding that materials with high ionic conductivity may be used to 

create an electrochemical cell even while they are still electrically insulating. An example 

of such a substance is a solid electrolyte. The working electrode and reference electrode 

voltage, or potential difference, is used to measure the signal. The potential of the working 

electrode is influenced by the analyte concentration in the gas phase. In recorded history, 

stabilized zirconia has been the most expert and well-known ion conductor [88]. Doping the 

material with cations (Ca2+, Y3+, Yb3+, etc.) has improved its oxygen ion conductivity. Due 

to its superior ability to regulate the emission of air-polluting gases from automobile exhaust, 

the automotive exhaust system is where it is most commonly used. 

Chemical field effect transistor  

It makes use of semiconductor characteristics by means of a metal oxide semiconductor field 

effect transistor (MOSFET), which detects changes in the threshold voltage of the gate 

electrode. 

Acoustic wave-based sensor 
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An acoustic wave-based sensor is a device that employs acoustic waves to monitor and 

examine variations in its environment. By using these waves, the sensor can detect and 

analyze changes around it, providing valuable information about its surroundings. These 

sensors typically consist of a transducer, which generates and detects acoustic waves, and a 

sensing element that interacts with the target substance or property being measured. When 

the target substance or property interacts with the sensing element, it causes changes in the 

acoustic wave characteristics, such as frequency, phase, or amplitude [89]. These changes 

are then analysed to determine the presence, concentration, or other relevant parameters of 

the target substance or property. Acoustic wave-based sensor is commonly used in various 

application, including gas sensing, liquid sensing, and bio-sensing, because of their high 

sensitivity, fast response time, and compatibility with miniaturization. 

Calorimetric based sensor 

By measuring the temperature increase produced on by the process of oxidation on a 

catalyst, the concentration of combustible gas is determined. Calorimetric based sensor is 

also known as Pellistor. Typically, the functions of temperature measurement and heating 

are integrated. The initial concept consisted of Pt wires that worked at 800-1000˚C. 

According to enhanced oxygen porosity and better catalyst dispersion, recent developments 

have decreased the operating temperature and achieved acceptable combustion. The low 

explosion limit (LEL), represented as a percentage, and of flammable gases may be found 

using this process. As such, it's extremely effective for methane, carbon monoxide, and 

hydrogen detection. 

Optical gas sensor 

An optical gas sensor is a device that employs light to detect and analyze specific gases in 

its environment. A light source, optical elements for focusing and adjusting the light, and a 

sensing device that connects with the target gas are commonly included in these sensors. 

When the gas interacts with the sensing element, it alters the optical properties of the 

element—such as through absorption, scattering, or fluorescence. The existence, 

concentration, and other properties of the gas are then determined by measuring and 

analyzing these changes. Because of their excellent sensitivity, selectivity, and quick 

reaction, optical gas sensors are useful in a variety of applications, including industrial 

safety, medical diagnostics, and environmental monitoring. 

1.4.3. Principal of gas sensing  
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The oxygen from the atmosphere is first deposited on the surface of MOS during gas sensing.  

Adsorption occurs in two different forms: chemical adsorption and physical adsorption. A 

space charge area is created when oxygen is adsorbed, which also takes one or more 

electrons from MOS. Figure 1.10 displayed the different oxygen species, including O2-

(<100°C), O-(100-300°C), and O2-(>300°C) [90], are formed on the surface of MOS 

depending on temperature. The following reaction represents the adsorption of oxygen 

species. 

𝑂2(𝑔𝑎𝑠) → 𝑂2(𝑎𝑑𝑠)                                                                                                                 …..1.1  

𝑂2(𝑎𝑑𝑠) + 𝑒− → 𝑂2
−                                                                                                              ......1.2  

𝑂2(𝑎𝑑𝑠) + 2𝑒− → 2𝑂−                                                                                                          …...1.3  

𝑂2(𝑎𝑑𝑠) + 4𝑒− → 2𝑂2−                                                                                                         …...1.4 

 

Figure 1.10 Schematic representation of MOS-based gas sensor's Chemirestive gas 

detecting mechanism 

 

Electron transit may be impeded by the resistance present in the space charge area. 

Depending on the kind of MOS (n-type/p-type) and gas (reducing/oxidizing gas), when this 

MOS is exposed to the target gas, it either grabs an electron from MOS or delivers an 

electron to MOS. As a result, the breadth of the space charge area either rises or decreases. 

As a result, the potential barrier's height varies, providing information on a variety of gas 

sensing characteristics, including sensitivity, selectivity, reaction time, recovery time, and 

many more. A schematic illustration of an n-type semiconductor's gas detecting mechanism 

is shown in figure 1.11. Adsorbed oxygen species generate the space charge area by 

collecting one or more electrons, as seen in the early portion of figure 1.11 from the n-type 
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MOS's conduction band, which causes band bending. The MOS exposed to the oxidising 

gas in the second portion of the figure 1.10 causes the breadth of the space charge area to 

rise because of the electrons that are gained from the MOS, which raises the potential 

barrier's height. Like this, in the third section of figure 1.10 the MOS is exposed by 

decreasing gas, which causes the height of the potential barrier to drop due to the gas's loss 

of one electron to the MOS's conduction band. Like this, but in the complete opposite way, 

is gas detection by the p-type MOS. below table. The behaviour of resistance to n-type and 

p-type MOS for both oxidising and reducing gas is shown in figure 1.10. 

 

Table 2. Response of MOS towards different gases. 

Type of semiconductor  Oxidising gases Reducing gases 

p-type semiconductor Resistance decrease Resistance increase 

n-type semiconductor Resistance increase Resistance decrease 

 

Figure 1.11 Schematic representation of gas sensing mechanism for n-type semiconductors 

 

1.4.3 Gas sensing parameter 

The gas sensors' actual performance is determined by the following parameters: 

Gas response 

It is a gas sensor's reaction to a change in gas concentration of one unit. The response curve 

(figure 1.12) expressed in terms of optical absorbance, capacitance, resistance, or many other 
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signals. The following formulas [91] can be used to represent the sensitivity of a 

chemiresistive type gas sensor: 

S = 
RG−R0

R0
,  𝑅𝐺 > 𝑅0 (𝑂𝑥𝑖𝑑𝑖𝑧𝑖𝑛𝑔 𝑔𝑎𝑠) ……...1.5  

S= 
𝑅0−𝑅𝐺

𝑅𝐺
, 𝑅𝐺 < 𝑅0 (𝑅𝑒𝑑𝑢𝑐𝑖𝑛𝑔 𝑔𝑎𝑠) ……...1.6 

Where the resistance of the sensor both before and after gas exposure is represented by R0 

and RG.  

 

Figure 1.12 Graphical representation of chemiresistive gas sensing curve of response gas. 

 

Selectivity  

Only the most sensitive gas present in the environment is shown by the gas sensor in figure 

1.13. The ratio of a particular gas's reactivity to that of other ambient gases can be used to 

determine the selectivity of a gas sensor. 

Selectivity of gas sensor = 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑎𝑟 𝑔𝑎𝑠

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑜𝑓 𝑜𝑡ℎ𝑒𝑟 𝑔𝑎𝑠𝑒𝑠
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Figure 1.13 Graphical representation of the selectivity of MOS-based gas sensors towards 

various gases 

Response and Recovery time  

When a sensor is exposed to the target gas, its reaction time is the amount of time it takes 

for it to attain 90% of its maximum response. This can be expressed in terms of resistance, 

absorbance, capacitance, or other pertinent properties. The amount of time needed for the 

sensor to release the target gas and restore 90% of its original signal is called the recovery 

time. Response and recovery times are critical during gas sensing operations.  

An important feature of a good sensor is its quick reaction and recovery time. The gas 

sensing curve is displayed in figure 1.14 and is used to calculate response and recovery 

times. 
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Figure 1.14 Graphical representation of the recovery time analysis with respect to 

resistance (kΩ) and time (s) 

Stability 

Stability denotes to a sensor's capacity to continue sensing gases for a predetermined amount 

of time. For sensors, high stability is a crucial gas sensing feature. 

Working Temperature 

Gas sensors need low operating temperatures, and research is still being done to find the 

lowest operating temperature at which the maximum response may be obtained. 

Detection Time 

The lowest target gas concentration that a sensor at a low operating temperature can detect. 

 

1.5 Vanadium pentoxide (V2O5)  

Vanadium oxides have become a lot of interest nowadays due to their remarkable pattern, 

physical, and chemical characteristics. The crystal structure of V2O5 as shown in figure 1.15.  

Vanadium, the fifth transition metal and the nineteenth most popular part in the earth crust, 

is essential for many uses [92]. In addition, V2O5 is thought to be the most stable form of 
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V2O5 because of its greatest oxidation state. It has a multilayer architecture and an 

orthorhombic unit cell with a Pmnm space group. The measurements for V2O5's lattice 

parameters are a = 11.510Å, b = 3.563Å, and c = 4.369Å. The oxygen atoms around the 

vanadium atoms form trigonal bipyramidal coordination polyhedra, which exhibit some 

distortion [93]. 

 

Figure 1.15 Crystal structure of V2O5 

V2O5 is still an excellent catalyst because of the range of oxidation states (V2+ to V5+) and 

variously arranged coordinate oxygen shape. This compound's unique structure offers 

strategies to regulate its surface and physical characteristics. V2O5 displays rich due to its 

open/layered structure, numerous oxidation states, and crystal chemistry. 

Since its initial publication by Whittingham et al. [94], vanadium pentoxide (V2O5) has 

received a lot of interest among the many vanadium-based materials. V2O5 has a lower 

conductivity than ruthenium oxides as an electrode, but its numerous oxidation states allow 

for more redox processes. V2O5 is numerous and less costly than RuO2. V2O5 can be used 

as an alternative electrode material to RuO2 due to simple production techniques. In this 

context, the significant advancement of nanostructured materials has sped up the 

development of energy storage technologies. When utilized as supercapacitor electrodes, 

nanostructured materials' unique mechanical, structural, and surface properties significantly 
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increase performance [94]. Importantly, materials with nano architecture provide the 

following attractive properties. 

 The contact area per unit mass of the electrolyte ion has been significantly increased by 

decreasing the active electrode material. Effective charge transfer 

processes considerably increase the density of ion adsorption sites. 

 The nanostructured electrodes have shorter ion diffusion periods because there are few 

ion diffusion routes. It offers increased energy density and rate capacity. 

 The cyclic stability of the material is decreased by the volumetric variations of the 

electrode active materials. Improved ion intercalation/deintercalation tolerance is shown 

in electrodes at the nanoscale. It's possible that the nanostructured electrodes will have 

more cycle stability. 

Nanostructured electrode materials can be used to create transparent, flexible, and 

lightweight energy storage devices. 
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 2.1. A brief view of relevant literature 

Zhang et al. [95] examine that the affordable way to create films and nanoparticles of VO2 

(M) with superior thermochromic characteristics. By using the precursor NH4VO3 and 

C2H6O2 They synthesized the VO2 (M) high crystalline powder by using facile method. 

These VO2 (M) nanoparticles produced composite thin films with superior thermochromics 

qualities.   Liu et al. [96] Create metastable VO2 nanobelts using a hydrothermal process. 

The monoclinic phase VO2 (B) was present in the XRD index of typical samples, and XPS 

data indicated that V (IV) was unique to V2O5. SEM and TEM images revealed the 

dimensions of the VO2 (B) nanobelts: 20–30 nm in thickness, 70–180 nm in width, and 0.6–

2.2 μm in length. Wu et al. [97] synthesized the VO2 nanoparticles by hydrothermal 

calcination method. The VO2 (M) nanoparticles were produced at a temperature of 300˚C 

during vacuum annealing. This work discusses how the phase transition characteristic of 

VO2 (M) nanoparticles is affected by temperature and particle shape. 

In this article Liang et al. [31] Develop the VO2 nanorods by one step hydrothermal method 

to provide their application in smart window. The W-doped VO2 (M) nanocomposite film 

was made flexible on PET by utilizing a simple roller coating technique. This nanocomposite 

film showed a phase transition temperature of around 37.3°C and a notable middle-infrared 

transmission reverse of up to 31%. Using a one-step hydrothermal treatment of the 

hydrolysed precipitate from V2O5, where N2H4, in this study Karahan et al. [98] presented 

the synthesis and characterisation of different morphologies of VO2 (M) nanocrystals. Water 

is used as a reducing agent. By using this method, it was possible to synthesise extremely 

crystalline and homogeneous monoclinic vanadium dioxide nanostructures with asterisk, 

urchin, and multifaceted spherical shapes.  This led to the synthesis of superior, guided, and 

well-organized VO2 nanotubes with a consistent size distribution. 

Chen et al. [99] creates the multistep structure VO2 (M) from the VO2 (D) precursor using 

an annealing and hydrothermal procedure. Measurements of reflection loss reveal that the 

VO2 (M) sample, which has a multi-step petaloid laminated structure, has remarkable 

microwave absorption capabilities. The sample had an effective absorption bandwidth (RL 

< −10 dB) reaching up to 4.01 GHz at 1.3 mm and a peak reflection loss of −37.99 dB at 3.5 

mm after being annealed at 570 °C. This review describes how Li et al [100] synthesised 

VO2 polymorphs by hydrothermal synthesis and emphasises the one- and two-step 
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hydrothermal approaches used to create thermochromic VO2 (M). It is evident that 

hydrothermal synthesis yields VO2 polymorphs with regulated shape and size, particularly 

when generating VO2 (M) nanoparticles on a large scale for nano thermochromic 

applications. Modern approaches that should improve the thermochromic property and 

enable VO2 energy-efficient smart windows to perform a variety of tasks are described. 

The VO2 (B) nanobelts were designed by Wang et al. [101] and can be ball milled at room 

temperature to produce VO2 (M) nanoparticles that can be released into the atmosphere.  The 

phase change occurs by pressure, in contrast to the typical thermally generated phase 

transition. By reducing the ball's diameter, without producing VO2 (M), the weak grinding 

ball's impact pressure may convert VO2 (B) into VO2 (A).). The researcher suggested quick 

and easy hydrothermal method to synthesize vanadium dioxide B polymorph. To generate 

VO2 (B) platelets, we employed a unique, combination of precursors, citric acid and V2O5. 

In order to propose an indirect, quick preparation approach for VO2 (M1), Popuri et al. [102] 

shown in this study that testing of the VO2 (B) phase transition conducted in vacuum indicate 

a one-step conversion into VO2 (M1). Wang et al. [103] fabricate the VO2 (D) nanobelts by 

using hydrothermal method and changed in VO2 (M) by using annealing process at the 

temperature of 250-400˚C for 0.5-5h. In this article they explain the grain size increased 

from 20nm to 30nm when the increase the temperature from 250˚C to 400˚C.   

Zhu et al. [104] examine the VO2 (B) nanoparticles' Glycothermal production for gas sensing 

applications. In this paper they characterized the composition and microstructure of VO2 (B) 

nanoparticles in the application of gas sensing. At the ideal working temperature of 300 °C, 

the VO2 (B) nanoparticles showed a significant sensitivity to alcohols (isopropanol, ethanol 

and butanol) and acetone. Simo et al. [105] fabricate the high crystalline VO2 nanorods by 

using facile hydrothermal sol-gel method. In this study, they provide a combination of 

monoclinic phases that significantly boost the material's resistance and enable its strong 

performance as a formaldehyde sensor at low concentrations and as a room temperature 

resistive methanol sensor at high concentrations.  Pan et al. [106] V2O5 with diameters range 

from 190 to 560 nm were created using a simple method, and the result was superior 

electrochemical performance of 440 nm hollow spheres with improved cycle stability, 

showing a maximum specific discharge capacity. 

Simo et al. [107] highlighted the surprisingly boosted hydrogen sensing properties of a 

specific phase of vanadium dioxide in the form of nanobelt at room temperature. Compared 
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to CO and CO2, this sensing provides a high gas selectivity and a detection concentration 

limit of 0.17 ppm H2.  By using a hydrothermal technique, Liang et al. [108] created VO2 

nanorods. These nanorods were then successfully annealed at 450 °C to adorn them with Ag 

nanoparticles. After exposed to 5 ppm NO2 at ambient high temperature, Ag-modified VO2 

nanorods sample that was annealed at 450 °C had the greatest response (2.54) of all the 

samples. With VO2, the greatest quantity of Ag nanoparticles demonstrated efficient 

adherence in the T450 sample.   

Vanadium oxide nanotubes were produced with a high yield by Chandrappa et al. [109] by 

adding hexadecylamine to V2O5•nH2O gels and then hydrothermally treating the mixture at 

150–180 °C for two to seven days. Transmission electron microscopy (TEM) was used to 

examine the nanotubes' morphology, while XRD and SEM were used to modify the reaction 

duration and temperature needed to synthesize VOx-NT. Kamila et al. examined the energy 

storage properties of these electrode materials by employing both symmetric and 

asymmetric supercapacitor devices. Their research highlights the evaluation of these 

materials' performance in various supercapacitor configurations [110]. The hybrid material 

exhibits the 737 Fg–1 specific capacitance when used in a symmetric supercapacitor device. 

Additionally, the performance of both symmetric and asymmetric supercapacitor 

configurations was evaluated with potential range of 2 V, highlighting the effectiveness of 

the energy storage system. The V2O5 nanoparticles were made by Menezes et al. [111] using 

a simple process that involved heating a layered vanadium oxide that resembled bariandite. 

The nanoparticles have a normal width of 15 nm and a high degree of crystallinity, as shown 

by TEM studies. Starting with a solution made by ultrasonic treatment, the nanoparticles 

were electro-phoretically deposited to create a V2O5 nanostructured film. FESEM pictures 

indicate that this film has a fibrous quality. This electrode is electroactive in an ionic liquid-

based electrolyte, according to cyclic voltammetry tests. Nanoparticle addition increased 

discharge capacity values by about 50% as compared to an electrode prepared by casting a 

V2O5 xerogel. 

Zhang et al. [112] created this work has developed a facile and efficient synthesis technique 

to manufacture Na1.08V3O8 nanorods.  At the ideal working temperature of 260°C, With S 

= 3.45, the Na1.08V3O8 nanorods demonstrated good sensitivity towards 100 ppm ethanol, 

according to the gas sensing measurement. 
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Chu et al. [113] provide a simple method to produce an electrochromic film using V2O5 

nanorods. The results of this study indicate that the development of lithium-ion secondary 

batteries and smart window technologies can greatly benefit from the use of synthesized 

V2O5. Li et al. [114] employ the hydrothermal approach to synthesize V2O5 nanosheets with 

the aim of enhancing the powder's electrochemical characteristics by structural modification.  

According to the findings of electrochemical tests, the V2O5 nanosheet functions well in the 

0.5M K2SO4 electrolyte. At 0.5 A/g of current density, the specific capacitance may reach 

375 F/g. Furthermore, the material retains 96.8% of its capacitance even after 1000 cycles. 

The V2O5 nanoparticles were created by Sutrave et al. [115] and are successfully synthesised 

using a low-cost fuel and solution combustion synthesis. The generated nanoparticle's 

pseudo-capacitive characteristics are displayed using cyclic voltammograms. The GCD 

technique gives the specific capacitance 310 F/g, and a modified Randel's circuit is fitted to 

get the system parameters. The generated electrode would be suitable for industrial 

application, according to the results. Shah et al. have outlined various solution-based 

techniques for integrating vanadium pentoxide (V2O5) with graphene oxide (GO) nanosheets 

[116]. The composite's enhanced hybrid super capacitive performance has been examined. 

The electrochemical performance of the V2O5 nanocomposite is significantly enhanced upon 

the addition of GO. The composite materials exhibit notably elevated specific capacitance, 

reaching 438.1 Fg−1 at 1 Ag−1. 

The V2O5/rGO/PCL nanofiber was created by Chanu et al. [117] employing the 

electrospinning procedure after the chemical reduction approach. In the cyclic voltammetry 

investigation, the highest specific capacitance of 702 Fg−1 at a scan rate 10 mVs−1 and the 

smallest equivalent series resistance at current density of 2Ag−1 are 44.25 Ω. The solution 

resistance and charge transfer resistance were determined to be 19.8 Ω and 442.56 Ω, 

respectively, using the Nyquist plot analysis. In this work, Gupta et al. [118] used a simple, 

one-step hydrothermal method to manufacture electroactive electrodes made of graphene 

nanoribbons/nanosheets and vanadium oxide nanobelts (VNB) composites with varying 

weight ratios.  Electrochemical characteristics revealed that the specific capacitance of 

composites was larger than that of components, and as expected, it declined with increasing 

scan rate. 

A binder-free type of flexible wrinkling thin film electrode was created by Hu et al. [119] 

using an affordable, quick, easy and environmentally friendly synthesis method. At a current 
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density of 5 A/g, the VG8 composite thin film electrode retains 98% of its capacitance after 

2000 cycles, exhibiting remarkable cycling stability once created. At 1 A/g of current 

density, it also shows a high specific capacitance of 397 F/g. Synergistic effects between 

V2O5 and graphene oxide (GO) are responsible for this remarkable performance. applying 

the sol-gel process, Reddy et al. [120] produced porous structured V2O5, which showed 214 

Fg-1 specific capacitance in a 2 M KCl electrolyte at a scan rate of 5 mVs-1. For up to 100 

cycles, this porous V2O5 maintains its initial capacitance. The main cause of capacitance 

fading in materials based on V2O5 was attributed by the authors to the structural instability 

of V2O5 during ion intercalation. Qu et al. [121] synthesised V2O5 nanoribbons via a 

hydrothermal process, and they investigated its potential as supercapacitor electrode 

applications. The specific capacitance of V2O5 nanoribbon has 181 Fg-1 in 0.5M K2SO4 

electrolyte. Furthermore, this substance showed excellent stability over 100 cycles. The 

performance of an asymmetric type supercapacitor device that the scientists made using this 

material as the electrode was also reported. 

V2O5 nanofibers were produced by Wee et al. [122] using an electrospinning process and 

heat treatment at various temperatures. Using propylene carbonate electrolyte and annealed 

at 400˚C, the scientists were able to achieve the highest specific capacitance of 250 Fg-1 in 

1M LiClO4 and 190 Fg-1 in 2 M KCl. They also discussed how the material shape varied 

with different annealing temperatures. Chen and colleagues [123] employed the melt 

quenching process to manufacture the AC/V2O5 composite and then examined its 

electrochemical characteristics. This material has a 33 Fg-1 maximum specific capacitance 

at a current density of 200 mAg-1 in a 2 M NaNO3 solution. The performance of the 

composite in several electrolytes, including NaNO3, KNO3, LiNO3, Na2SO4, K2SO4, and 

Li2SO4, was investigated by the authors. NaNO3 electrolyte was one of them mentioned. 

The low-cost spray pyrolysis approach used by Wang et al. [124] to synthesise the 

V2O5/carbon composite powder produced a specific capacitance of 295 Fg-1 in an electrolyte 

of 2 M KCl. The authors noted that varying the annealing temperature caused variations in 

the electrochemical performance. Regretfully, the authors did not carry out stability, charge-

discharge, or impedance experiments to fully comprehend the electrochemical 

characteristics. Perera et al. [125] used the physical vapour deposition (PVD) technique to 

create spherical clusters of V2O5 nanotubes. The diameter of the V2O5 nanotubes that were 

PVD-deposited was 70 nm. For electrochemical studies, the authors used 1M LiTFSI 
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organic electrolyte (in acetonitrile). This material exhibited outstanding stability, with no 

discernible fading even after 50 charge-discharge cycles. 

Mesopores activated carbon nanofibers were created by Kim et al. [126] using an 

electrospinning method. This produced 74 Fg-1 specific capacitance in the electrolyte, 

acetonitrile. The authors also varied the V2O5 content in the composite and examined 

changes in its electrochemical features. Porous structured V2O5/carbon nanofibers 

composites were prepared by Kim et al. [127] using an electrospinning technique. In order 

to investigate the materials application in supercapacitor electrodes, they looked at its 

electrochemical characteristics. This material shows a specific capacitance of up to 150 F/g, 

an energy density of 8.8 Wh/kg, and a power density of about 400 W/kg. Chen et al. [128] 

used a easy in-situ hydrothermal method to create V2O5 nanowires. The nanowires were 

found to have 440 Fg-1 and 200 Fg-1 specific capacitances at 0.25 and 10 Ag-1, respectively. 

The authors used carbon as the electrode and V2O5 nanowires to create an asymmetric 

supercapacitor. Using a specific capacitance of 45 Fg-1 at 0.62mAcm-2 and a power density 

of 75 Wkg-1, this asymmetric device provided 16 Whkg-1 energy density. Additionally, this 

device retains 90% of its capacity even after 100 charges and discharges. 

Using a self-anodization process, Yang et al. [129] created V2O5-TiO2 mixed oxide 

nanostructures that had an energy density of 19.56 Whkg-1 and a specific capacitance of 220 

Fg-1. Up to 600 rounds of cyclic stability testing were reported by other authors. Jayalakshmi 

et al. [130] produced nanostructured SnO2-V2O5 mixed oxide by a hydrothermal method. In 

an aqueous solution containing 0.1M KCl, the mixed oxide composite material has the 

maximum specific capacitance of 121 Fg-1. Vanadium oxide/ordered mesoporous carbon 

composites were made by Hao et al. [131] using a liquid phase approach and calcinations. 

With 5 M LiNO3, this hybrid nanocomposite had a maximum specific capacitance of 257 

Fg-1 at 0.5 Ag-1 and endured at 77.3% at 8 Ag-1. Afterward 5000 cycles, this composite lost 

20% of its original capacity. Shakir and colleagues [132] produced hybrid composites of 

V2O5 with multiwall carbon nanotubes using a bottom-up construction method. In 2 M KCl 

electrolyte, this nano composite may show the specific capacitance of 510 Fg-1.  Using a 

hydrothermal process, Perera et al. [133] created flexible paper electrodes made of graphene 

and V2O5 nanowire composites without the need for binders. Using this hybrid composite 

material, the scientists created a device of supercapacitor, demonstrating 80 Fg-1 specific 
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capacitance in 1 M Lithium bistrifluoromethane sulfonimide (LiTFSI) in an aqueous organic 

electrolyte. 

In LiPF6 organic electrolyte, Zhao et al. [134] created nanostructured V2O5/reduced 

graphene oxide composite and explored its potential for supercapacitor and Li-Ion battery 

applications. For the creation of this composite electrode material, the authors combined a 

low temperature pyrolysis technique with a hydrothermal process, and they methodically 

examined the electrochemical performance. RGO/V2O5 hydrogel was created by Zhang et 

al. [135] and evaluated for usage in wave absorbent and super capacitor applications. This 

nanocomposite electrode provided 320 F/g of specific capacitance at a current density of 1 

A/g. additionally, this material exhibits very low specific capacitance (~170Fg-1 at 8 Ag-1) 

at higher current rates. Up to 1000 cycles, this composite material maintains 70% of its 

capacitance. Reduced graphene oxide and V2O5 nanocrystals were created by Li et al. [136] 

and their applicability as supercapacitor electrodes was investigated. At a current density 1 

Ag-1, this nanocomposite demonstrated 537 Fg-1 specific capacitance. Furthermore, up to 

1000 cycles, 84% of the capacitance in this composite is retained.  

Qu et al. [137] created core-shell structured PPy grown on V2O5 nanoribbons by 

hydrothermally treating the material with dodecyl benzene sulfonate (DBS) as a surfactant. 

The specific capacitance of this composite material is 308 Fg⁻³ at 100 mAg⁻³ in 0.5M K₂SO₄. 

Activated carbon and PPy/V2O4 were used as electrodes in the development and analysis of 

a supercapacitor device by the researchers. Bai et al. [138] employed the co-deposition 

process to prepare the V2O5/polypyrrole composite. This nanocomposite has 412 Fg-1 

specific capacitance at 4.5mA/cm2 in a 5M LiCl aqueous solution. This study's usage of 

organic electrolyte provides an extra potential window of up to 2V.  

Yang et al. [139] produced hollow spherical V2O5 particles by utilising a solvothermal 

technique. It may show up as much as 479 Fg-1 of specific capacitance in 5 mVs-1 of organic 

electrolyte with 5M LiNO3. The specific capacitance of the PPy-coated V2O5 spheres is 559 

Fg-1 at 5mVs-1. Despite having a higher specific capacitance, this material loses its 

capacitance after 100 cycles. In 1M LiClO4 in propylene carbonate electrolyte, the Ni doped 

V2O5 thin films made by Jayalakshmi et al. [140] employing spray pyrolysis process show 

417 Fg-1 specific capacitance at 5 mVs-1. Hydrothermally treated V2O5 nanoribbons were 

synthesised by Wei et al. [141] In a 2M NaCl solution, these nanoribbons have a specific 

capacitance of 453 Fg-1 at a scan rate of 2mVs-1. The authors skipped the charge/discharge, 
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cycle stability, or impedance tests to gain a complete understanding of the material's 

electrochemical capabilities. 

Through the creative combination of hydrothermal, nano casting and freeze-drying methods, 

Cao et al. [142] created 3D V2O5@PPy. At 0.25 Ag-1 and 10 Ag-1, this material showed 

specific capacitances of 502 and 244 Fg-1. What's more intriguing is that the scientists 

created an asymmetric supercapacitor and used it to power a light-emitting diode. An 

important study on the V2O5-based supercapacitor was described by Zhu et al. [143] This 

study described the hydrothermal method's creation of three-dimensional V2O5 nanosheets. 

The authors achieved 451 Fg-1 higher specific capacitance at 0.5 Ag-1. This material retains 

230 Fg-1 at 10 Ag-1 and has a charge transfer resistance of 10 Ω. Wu et al. [144] employed 

an easy sol gel technique to produce hybrid aerogels of graphene and V2O5. It was 

discovered that this composite has 250 Wkg-1 power density, 68 Whkg-1 energy density of, 

and 486 Fg-1 specific capacitance. It is possible to sustain 180 Fg-1 with this composite 

material at a higher current rate of 10Ag-1. Hydrothermal process was used by Lee et al. 

[31] to create graphene-decorated V2O5 nanobelts. In an aqueous electrolyte containing 1 M 

Na2SO4, they were able to achieve 288 Fg-1 specific capacitance using the nanocomposite 

material. Materials based on V2O5 have the physical and electrochemical characteristics 

summarised in the following table. Large-scale long (NH4)0.5V2O5 nanowires were 

synthesised by Wu et al. [145] using a hydrothermal process. The produced nanowires' 

conductivity at room temperature was 10-3 Scm-1, according to electrical investigations. 

Furthermore, heat treatment turned the (NH4)0.5V2O5 nanowires into V2O5 nanowires. 

Qiao et al. [146] produced V3O7.H2O nanobelts efficiently by hydrothermally processing 

store-bought V2O5 powder at relatively low temperatures. The resulting nanobelts had an 

average thickness of 20 nm and were many tens to hundreds of micrometres in length and 

length. It was shown that the nanobelts' electrochemical characteristics included a high 

discharge specific capacity of 253 mAhg-1 in the potential range of 3.8-1.7V. By using a 

thermolysis technique, Peng et al. [147] generated well-crystallized, narrowly distributed 

nanopowder of vanadium dioxide and tungsten doped vanadium dioxide. The change of the 

tetragonal structure from the monoclinic one during the heating process resulted in the 

observation of the semiconductor-metal transition. The W-doped powders had an 8°C 

heating-cooling hysteresis and a decreased transition temperature of 26.46°C, as indicated 

by the resistance temperature curve and DSC measurements. Gao et al. [148] effectively 
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synthesised single-crystalline V3O7.H2O nanobelts using a hydrothermal technique. The 

resulting nanobelts had a thickness of 30 nm and a width of 50 nm. A discharge capacity of 

409 mAhg-1 was demonstrated by the V3O7.H2O nanobelts electrode, which equivalent to 

4.32 mol Li+ is intercalating into 1 mol of V3O7.H2O nanobelts. Zhai et al. [149] used a 

hydrothermal process to synthesise high-quality, large-quantity centimeter-long V2O5 

nanowires. The diameter range of the single crystal orthorhombic nanowire structure that 

was developed is 80-120 nm. The nanowires showed a high capacity of 351 mAhg-1 together 

with a high coulomb performance of 99%. 

Mai et al. [150] shown that annealing and electrospinning may be used to create ultralong 

structured V2O5 nanowires have a thickness of 100–200 nm and an average length of several 

millimetres. The 100 nm-long and around 50 nm-diameter vanadium oxide nanorods that 

were joined together to form the hierarchical nanowires. Within the potential window of 

1.75 to 4.0V, the vanadium oxide nanowire cathodes' initial and 50th discharge capacities 

were 390 and 201 mAhg-1. At contrast, at the potential window of 2.0 and 4.0V, ultralong 

hierarchical vanadium oxide nanowires showed initial and 50th discharge capacities of 275 

and 187 mAhg-1, respectively. Using commercial V2O5 powder as a precursor, Zhang et al. 

[151] shown the simple fabrication of large-scale nanobelts of vanadium oxide hydrate. For 

the manufacture of V3O7.H2O nanobelts, the Hydrating-Reducing-Exfoliating-Splitting 

(HRES) process was employed. Through the initial discharge capacity of 373 mAhg-1, the 

V3O7.H2O nanobelts that were developed showed tremendous potential as cathode materials 

for batteries. High purity V2O5 ultralong nanobelts were created by Li et al. [152] using a 

hydrothermal process. The length of the straight nanobelts can reach a millimetre or more, 

and their width ranges from 30 to 200nm. The growth mechanism of directed attachment 

provided an explanation for the formation of ultralong nanobelts of V2O5. Zhang Y et al. 

[153] used the hydrothermal technique to synthesise vanadium oxides with various 

morphologies. In comparison to the VO2 nanobelts, which are long between 1 and 2.7 nm, 

broad between 80 and 140 nm, and thick between 2 and 8 nm, the synthesized V3O7.H2O 

are long up to 10 micrometres, wide between 60 and 150 nm, and thick between 5 and 10 

nm. The V3O7.H2O and VO2 (B) nanobelts showed the discharge capacity of 296-247 mAhg-

1 at 0.2 mAcm-2 current density. Zhang et al. [154] successfully synthesized V3O7.H2O@C 

core-shell nanocomposites using an ambient hydrothermal method, using glucose as carbon 

and V3O7.H2O as the cores in the presence of sodium lauryl sulphate. However, by thermally 
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processing V3O7.H2O@C at 400 °C for two hours in an argon environment, V3O7@C 

composites were created. V3O7@C has a far higher discharge capacity than pure V3O7·H2O, 

with a capacity of 151.2 mAhg-1 after 45 cycles, compared to 100 mAhg-1 after 30 cycles. 

This illustrates the improved cycle stability of the V3O7@C composites. Using a 

hydrothermal technique, homogeneous starfruit-like V2O5 was first made by Shao et al. 

[155] the microstructural research revealed the hexangular starfruit-like construction 

mechanism. The starfruit-like vanadium oxide structures offered great cycle stability and a 

high-power capability (19 Whkg-1 specific energy at the specific power of 3.4 kWkg-1) for 

supercapacitor applications. V3O7.H2O and VO2 (B) nanobelts were successfully 

synthesised by Zhang et al. [156] using a moderate, direct hydrothermal process without the 

need for a template. The resulting V3O7.H2O nanobelts are between 100 and 300 nm wide 

and have lengths in the few tens of micrometre range. Comparably, the length of VO2 

nanobelts ranges from hundreds to several micrometres, while their breadth falls between 

100 and 200nm. The synthesized V3O7.H2O and VO2 nanobelts demonstrated 350 mAhg-1 

initial discharge capacity and 190 mAhg-1 at a current density of 30 mAg-1. 

Zhu et al. demonstrated the wide-ranging production of 3D V2O5 constructs using 

hydrothermal and freeze-drying techniques. The resultant V2O5 structures have a 133 m2g-1 

surface area and include narrow walls, multilayer pores, and remarkable flexibility. At a 

current density of 0.5 Ag-1, these special structures demonstrated a high specific capacitance 

of 451 Fg-1, and at a high-power density of 9.4 KWKg-1, they demonstrated an energy 

density of 107 Whkg-1. High-quality MoV2O8 nanowires were successfully synthesised by 

Shahid et al. [157] by spin coating and thermal annealing. Synthetic nanowires range in 

length from 1 to 5 meters and have an average diameter of 100 nm. The electrochemical 

properties of the synthesized nanowires yielded a 56 Fg-1 specific capacitance at 5 mVs-1 

scan rate using cyclic voltammetry. 

Tang et al. [158] explored the electrochemical performance of vanadium pentoxide 

nanoflowers. The hydrothermally produced V10O24.nH2O samples were annealed to get the 

porous V2O5 nanoflowers. The V2O5 nanoflowers' pore volume and surface area are 22.7 

m2g-1 and 0.12 cm3g-1, respectively. The V2O5 nanoflowers offered 275 mAhg-1 initial 

discharge capacity at a 50 mAg-1 current density with high cycle stability. Sun et al. [159] 

effectively created hydrated vanadium pentoxide nanoribbons modified with decreased 

graphene oxide by the use of a hydrothermal process. Li ions have low diffusion lengths and 
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effective electron conduction channels because to the interweaving network of free-standing 

VOx/RGO film. The VOx/RGO film's electrochemical studies revealed a 160 mAhg-1 

discharge capacity and strong cycle stability in the voltage range of 2.0 to 3.5V. 

Mjejri et al. [160] used a straightforward and elegant method to hydrothermally synthesise 

Mesoporous V3O7 nanorods with cross section from a combination of V2O5 and 

hydroquinone. V3O7 has a surface area of 18 m2g-1, a mean width of 130 nm, a mean 

thickness of 70 nm, and high degree of crystallinity in its rod-like nanostructures. Hydrogen 

nanorods showed potential as cathode materials in batteries, most likely because of their 

charge-discharge cycling-induced reversible redox behaviour. Li et al. [67] used a 

hydrothermal method to create a V3O7.H2O/CNT nanocomposite that included 

functionalized CNTs. The V3O7.H2O nanobelts had a width of a few hundred nanometres 

and a length of several micrometres. The nanocomposite electrode indicated the186.4 mAhg-

1 discharge capacity at 200 mAg-1 current density with good cycle stability. Applying a basic 

green methodology, Perera et al. [133] created V2O5 nanowires on graphene sheets. At a 

consistent discharge current of 0.5Ag-1, the developed hGO-VNW paper electrode 

demonstrated the 38.8 Whkg-1 energy density and 465Wkg-1 power density. But at this 

moment, the electrode's estimated specific capacitance was 80 Fg-1. 

V2O5 nanowires were produced on graphene sheets by Perera et al. [161] use an easy green 

technique. Using a fixed discharge current of 0.5Ag-1, the developed hGO-VNW paper 

electrode demonstrated the 38.8 Whkg-1 energy density and 465 Wkg-1 power density. But 

at this moment, the electrode's estimated specific capacitance was 80Fg-1. The 

hydrothermally synthesised Co3V2O8 nanoplates for supercapacitors were studied by Cheng 

et al. [162]. The morphological analysis of the synthesised Co3V2O8 thin nanoplates, which 

has a thickness of 40 nm and a diameter between 150 and 200 nm. The synthesised Co3V2O8 

nanoplates showed good cycling stability even after 2000 cycles, with 739 Fg-1 specific 

capacitance at 0.5 Ag-1 current density. 

The ultra-thin nanobelts arrays of metastable VO2 (B) were created by Qin et al. [163] these 

arrays may be transformed into porous V2O5 nanobelts arrays by calcining VO2 (B) in air 

for duration of one hour at 400°C. The V2O5 nanobelt arrays offered the 142 mAhg-1 

discharge capacity at 50mAg-1 current density with high cycle stability. Additionally, they 

showed remarkable capacity retention and a 130 mAh-1 discharge capacity at a 1Ag-1 current 

density. Zhu et al. [164] created V2O5 micro/nanorods by electrospinning NH4VO3 and 
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H2C2O4 composite fibres and then heat treating the result. The resulting micro/nanorods had 

an average diameter of 300 nm and a length-to-diameter ratio of 5–10. Their composition 

was orthorhombic V2O5. On the other hand, the cathode electrodes of vanadium 

oxide demonstrated excellent stability in structure and an excellent capacity for discharge of 

418.8 mAhg-1 at a current density of 50 mAg-1. 

A novel and simple method for creating a CoV2O6/natural graphite electrode with sodium 

alginate binder was created by Ni et al. [165] The generated electrodes have 902 mAhg-1 

discharge and charge capacity at 110 mAg-1 current density. The CoV2O6/NG electrode's 

remarkable cycle performance and high specific capacity demonstrated the material's 

considerable promise as a Li-ion battery.  

A hydrated vanadium oxide nanocomposite coated with graphene was described by An et 

al. [166] as an effective cathode material for magnesium storage with a longer cycle life. 

The nanocomposite showed remarkable performance of electrochemical with 320 mAhg-1 

specific capacity at 0.05 Ag-1 current density and fast cycling for 200 cycles. Additionally, 

the nanocomposite demonstrated a wide working temperature, ranging from -30°C (̃ 40 

mAhg-1) to 55°C (200 mAhg-1). Chiku et al. initially employed an amorphous vanadium 

oxide/carbon composite as the positive electrode in rechargeable aluminium batteries [167]. 

200 mAhg-1 initial discharge capacity was achieved by the composite electrode. The redox 

of the vanadium ion in the composite electrode was examined using XPS during charging 

and discharging. The average valence of V ranged between 4.14 and 4.85, according to the 

data. 

Wang et al. [168] used an easy solvothermal process to successfully manufacture a novel 

V2O5/graphene mesoporous composite that resembles a sandwich. Graphene sheets were 

used to support the nanostructured vanadium oxide particles in a sandwich-like manner. The 

novel structural composite demonstrated 1006 mAhg-1 high reversible capacity at 0.5 Ag-1 

current density after 300 cycles. Li et al. [169] examined the hydrothermal procedure after 

employing the sol-gel method to create a novel 2Li3V2 (PO4)3.LiV3O8 nanocomposite with 

the morphology of thin plate. The prepared composite exhibits a high initial capacity of 

162.8 mAhg-1 at a voltage of 2.0–4.3V and a current density of 100 mAg-1. Using the 

galvanostatic intermittent titration method, the diffusion coefficient of lithium ions inside 

the composite was found to be between 10-11 and 10-9 cm2s-1. 
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The authors Song et al. [170] Mesoporous V2O5 nanosheets were successfully produced by 

a hydrothermal procedure that involves rapid heating and annealing in air. The prepared 

V2O5 nanosheets are collected from different nanosheets and have a highly mesoporous 

nanosheet structure. The high specific capacity of 147 mAhg-1 and current density of 100 

mAg-1 indicate that the mesoporous V2O5 nanosheets utilized as the cathode materials in 

batteries have great rate capability. 

 A unique method of preparing porous vanadium pentoxide for use as a cathode material in 

lithium ion batteries was disclosed by Su et al. [171]. Ketjen black, porous carbon 

composites were used as stiff templates to allow precursor species to fit into their openings. 

At 100 mAg-1 current density, the porous V2O5 electrodes displayed excellent rate capability, 

cycling stability and 141.1 mAhg-1 initial discharge capacity. Wei et al. [172] Vanadium 

pentoxide nanowires were produced by using the vapor-solid technique of thermal 

evaporation. V2O5 nanowires are longer than 10 nm and have a diameter of 100 nm, giving 

them an orthorhombic structure. Peak excitation spectra of V2O5 nanowires have been 

measured at 400, 560, and 710 nm. These spectra are the consequence of discrete interband 

transition from the O 2p valence band to the V 3d conduction band. The electrochemical 

properties of V2O5 nanowires and their electrical resistivity of 64.62 demonstrated their 

suitability as cathode materials for secondary batteries. Using cetyltrimethylammonium 

bromide as a soft template, Umeshbabu et al. [173] produced distinct V2O5 hierarchical one-

dimensional nanochains. It was the hydrothermal process that made this possible. For the 

V2O5-ctab samples, the determined BET unique surface area was 68 mg-1. At a current 

density of 0.5 Ag-1, the V2O5 nanoclusters displayed a highest unique capacitance of 631 Fg-

1. Moreover, after 1200 charge-discharge cycles, they maintained 75% of the capacitance, 

demonstrating outstanding cyclic stability. 

Li et al.'s effective synthesis of porous vanadium pentoxide (V2O5) nanotubes [174] used a 

simple electrospinning technique followed by an annealing step. The generated vanadium 

oxide nanotubes produced 114.9 mAhg-1 capacity at a rate of 10 C within the 2.5 – 4.0V 

potential range. However, the nanotubes of porous V2O5 demonstrated excellent cycling 

performance and 96.4% capacity retention after 200 cycles at a rate of 50 C. B.M. Babar et 

al. [175] The hydrothermal method was successful in synthesizing the nanostructure of the 

V2O5-rGO nanocomposite. To verify the presence of oxygen vacancies or abnormalities, 

they employ PL spectroscopy. The maximum gas response, or around 121.85%, is shown 
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by a calcined product with the ideal surface area and pore size when it is subjected to 100 

ppm of NO2 gas at 150°C.The constructed composite has response and recovery periods of 

approximately 39 and 262 s, respectively. 

By using ultrathin LiV3O8 nanoflakes and graphene nanosheets to self-assemble sheet to 

sheet, Wang et al. [176] a novel LiV3O8/graphene nanocomposite was produced. The 

graphene nanosheets can maintain the structural integrity of LiV3O8, improve electrical 

conductivity, and prevent the nanoflakes from clumping together after repeatedly adding 

and removing lithium ions. As a result, the novel composite generated 328.7 mAhg-1 high 

discharge capacity at 2C current density. 

Tang et al. [177] created a free-standing, highly conductive VO/VOx/CNF composite 

electrode via heat treatment and electrospinning. The electrode's specific capacitance was 

325.7 Fg-1 at a current density of 1 Ag-1 of nanocomposite. Even after 5000 cycles, the 

electrode of a symmetric two-electrode capacitor retained 92% of its original capacitance at 

a current density of 4 Ag-1. Wang et al. [178] used a hydrothermal technique to make a 

composite comprising V2O5, carbon nanotubes, and highly activated carbon. The novel 

nanocomposite had 357.5 Fg-1 specific capacitance at 10 Ag-1 current density. Additionally, 

after 200 cycles, the capacitance rose to 128.7% of its starting value, and after 1000 cycles, 

it maintained 99.5% of its highest value. 

Pandey et al. [179] used a two-step solvothermal approach to create an efficient mesoporous 

hybrid composite of V2O5 attached on reduced graphene oxide nanosheets. In a symmetric 

supercapacitor cell, the rGO-V2O5 electrodes exhibit great cycle stability, a high specific 

capacitance of 466Fg-1 and good rate capability. 295 mAhg-1 specific capacity at C/9 rate 

was provided by the hybrid cathode electrode rGO-V2O5 in LIB. According to Zhang et al. 

[180], commercial V2O5, ethanol (EtOH), and H2O materials were used in a straightforward 

hydrothermal process to create V2O5 nanoparticles with a irregular surface. The best 

parameters for producing V2O5 were a ratio of EtOH/H2O = 10/25 and two to four hours of 

calcination at 400°C. At 0.5Ag-1 current density, the synthesised V2O5 nanomaterials 

established a specific capacitance of 423 Fg-1, and they were able to maintain 327 Fg-1 at a 

high current density of 10Ag-1. Li et al. [181] first developed wet-spinning method to make 

hybrid fiber electrodes based on vanadium pentoxide. Asymmetric 

V2O5/SWCNT/RGO/SWCNT solid-state nanofiber supercapacitors demonstrated a 90% 

retention rate and a volumetric energy density of 1.95 mWhcm-3. Additionally, they 
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displayed a 7.5 mWcm-3 volumetric power density. It does, however, show good mechanical 

behaviour and flexibility; 97% of the capacitance was preserved after 500 cycles of 90° 

bending. For Amperometric dopamine sensing and lithium ion battery applications, Yang et 

al. [182] examined the electrochemical characteristics of an electrode made from a 

combination of smaller-crystalline melt-quenched vanadium oxide and graphene oxides 

generated hydrothermally. With the maximum sensitivity of 25.02 AmM-1 cm-2 and the 

lowest detection limit of 0.07M, the composite electrode excelled. In comparison, the 

electrode used in the lithium-ion battery application demonstrated excellent cycle stability 

and a 200 mAhg-1 discharge capacity at a 0.1C current density. 

By employing the seed-assisted hydrothermal approach, Xu et al. [183] were able to 

effectively build a 3D free-standing V6O13 nanostructure made of linked nanosheets. The 

electrode exhibited a specific capacity of 170 mAhg-1 at 0.3 Ag-1 current density. But even 

after 300 cycles at 0.3 Ag-1 current density, the electrode covered with carbon nanotubes 

retained 74% of its initial capacity. Park et al. [184] used the radio frequency sputtering 

technique to create vanadium oxide thin films with varying thicknesses from V2O5 (ceramic) 

and V (metal) targets. The V2O5 ceramic target was used to create 500 nm-thick films, which 

showed suitable cycle performance and discharge capacity. However, the electrochemical 

properties of the film become invisible when its thickness surpasses 500 nm. As the film 

thickness rose, so did the discharging capacity and cycle performance of the V2O5 thin films 

produced from the vanadium metals target. Lopez et al. reported that reactive sputtering with 

a vanadium metal target produced thin films of vanadium pentoxide without the requirement 

for post-annealing treatment [185]. The films with a 2.4 µm thickness showed a constant 

capacity of 75 Ah/cm² at 100 A/cm² current density after 100 cycles within a potential 

window of 3.8/2.8V. Furthermore, the discharge capacity was increased to 130 Ah/cm² in 

the potential range of 3.8/2.15V. 

Orthorhombic V2O5 thin films were investigate by Wang et al. [186] via Sol electrophoretic 

deposition and post-treatment at 500°C. At current density of 50Acm-2, the synthesised V2O5 

thin films demonstrated high capacities of 300mAhg-1 in the 0.4 to 1.6 V potential window 

and 110mAhg-1 in the potential window of 0.4 to 1.1 V. Using a metallic Ag target and a 

V2O5 target, Gies et al. [187] created AgyV2O5 thin films by radiofrequency magnetron co-

sputtering in either pure argon or a mixed argon/oxygen environment with 14% of oxygen 

partial pressure. The produced amorphous Ag0.32V2O4.6 thin films had a smooth surface, 
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were dense, and demonstrated strong cycle stability and discharge capacity. Because silver 

ions are participating in the redox processes in addition to crystallised V2O5, the deposited 

amorphous Ag0.26V2O5 thin films are porous and have shown improved discharge 

capabilities. Yu et al. [188] applied the sol-gel technique to create Mn-doped V2O5 thin 

films, employing H2O2 and V2O5 as precursors and adding Mn2+ right away during the sol 

production process. At 68 mAg-1 current density, Mn-doped V2O5 thin films had 283 mAhg-

1 discharge capacity also the exceptional cycle stability, fading at a rate of less than 0.06% 

each cycle. 

The relationship between the electrochemical behaviour and capacity fading of LiV3O8 thin-

film positive electrodes and cycle performance was examined by Shi et al. [189]. The 

electrode deteriorated after 400 cycles, losing 44% of its initial capability, according to the 

extended cycling test. Capacity fading was mostly caused by the exfoliation of the active 

components and the creation of a surface layer. Reactive ballistic deposited nanostructured 

V2O5 thin film performance was investigated by Wu et al. [190] using LiPF6/diethyl 

carbonate + ethylene carbonate and LiClO4/propylene carbonate (PC) electrolytes in 

electrochemical processes. Electrochemical and Raman experiments revealed a 32% drop in 

capacity between both cycles in films cycled in LiPF6/DEC+EC as compared to the cycled 

in LiClO4/PC. This is because redox alters the form and content of the surface. The V2O5 

cycled in LiPF6/DEC+EC had a greater atomic fluoride concentration (16.18%) than the 

V2O5 cycled in LiClO4/PC, according to XPS analysis. 

Boukhalfa et al. [191] created a novel method for supercapacitor applications using atomic 

layer deposition, such as the deposition of nanostructured vanadium oxide on the surface of 

electrodes made of carbon nanotubes. Excellent electrical conductivity, high capacitance of 

1550Fg-1, and cycle stability were demonstrated by the 10 nm thick composite electrode. Its 

porosity was adjusted as well. Using a spray pyrolysis process, Mousavi et al. [192] created 

S-doped (0 to 40 at. %) vanadium oxide thin films. Both optical band gap and sheet 

resistance increased, rising from 2.41 to 2.7eV and 940 to 4015 k⁗/square, respectively. 

Expanded and sharper anodic and cathodic peaks are visible in the cyclic voltammogram 

data of the undoped and 20 at. % of S-doped films, respectively. 

For the first time, hot-wall chemical vapour deposition was used by Jampani et al.  to create 

carbon nanotube (CNT) supported vanadium oxide nanospheres for supercapacitor 

applications. Vanadium oxide nano-droplets interacted with the electrolyte on a three-
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dimensional electron transport channel made possible by the electrical conductivity of 

carbon nanotubes. As a result of this interaction, the nanocomposite showed good charge 

retention for up to 200 cycles, a high capacitance of 1400Fg-1, and robust rate capability. 

Jayalakshmi et al. looked at the behaviour of sol-gel spin coated vanadium oxide films with 

different thicknesses [193] in relation to supercapacitors. The produced films feature V2O5 

phase with 6-12 layered films, and the optical band gap was 2.2-2.5eV, according to 

microstructural and optical investigations. On the other hand, at a scan rate of 5mVs-1, the 

eight-layered V2O5 film with 202 nm thickness of provided 346Fg-1 specific capacitance. 

The microstructural and electrochemical characteristics of Vanadium pentoxide thin films 

that were generated on flexible Kapton substrates covered with indium tin oxide by the use 

of the reactive evaporation process were examined by Hari Krishna et al. [194]. As 

deposited, V2O5 thin films demonstrated a consistent 60Ah/(cm2-µm) discharge capacity 

over 10 cycles at ambient temperature within the potential window of 4.0-2.5V. 

Furthermore, the multi-layered V2O5/Ag/V2O5 thin films showed improved cyclability and 

a discharge capacity of 75Ah/ (cm2-µm). 

Yin et al. [195] used a chemical vapour deposition approach to successfully synthesise three 

distinct types of V2O5 micro/nano-structures as hierarchical wires, rod and porous tubes by 

varying the oxidation temperature. Their hollow structure creation, increased pore quantity, 

and decreased particle size resulted in a considerable rise in their surface-to-volume ratio. 

Furthermore, studies on lithium-ion storage in aqueous electrolyte demonstrate that by 

inhibiting irreversible phase shift, a surface area increase can greatly improve stability, 

storage capacity, and electrochemical kinetics. Yu et al. [196] Using a simple anodic 

electrodeposition method, homogenous Vanadium pentoxide nanostructured materials thin 

sheets looking like mica were produced. Mica-like V2O5 thin films with 596 mAhg-1 an 

initial discharge capacity at 1080 mAg-1 current density were produced using nanosheets 

that were less than 50 nm thick. Moreover, V2O5 thin-films showed exceptional cycling 

stability with 1% of fading rate per cycle at 1080 mAg-1 of current density. Bilayer structure 

of nano crystalline V2O5 (cathode) produced electrochemically on steel substrate in VOSO4 

solution for sodium-ion batteries was described by Li et al. [197]. The structure's two-

dimensional V2O5 stacks were separated by an interlayer spacing of 11.6Å, which is ideal 

for holding Na+ ions. As a result, the electrode's high capacity (220mAhg-1) and exceptional 

stability were attained. 
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2.2 Research Gap 

• A need for more effective room temperature sensing as key limitations, thus 

presenting significant research gaps. Furthermore, a deeper understanding of the synthesis-

structure-property relationship and strategies for enhanced response and recovery time offer 

additional avenues for future research in V2O5-based gas sensors. 

• A critical research gap involves exploring and optimizing microwave-assisted 

synthesis of V2O5 nanostructures specifically tailored for high-performance supercapacitor 

applications. This includes investigating how microwave synthesis parameters influence key 

material properties such as surface area, electrical conductivity, and ion diffusion pathways, 

ultimately impacting capacitance, energy density, and power density. 

• Further research is needed to develop energy-efficient and scalable microwave-

assisted synthesis protocols for V2O5 based electrode materials for supercapacitors. This 

includes optimizing reaction times, precursor concentrations, and microwave parameters to 

minimize energy consumption while achieving high yields and consistent material quality 

suitable for cost-effective device fabrication. 

 

 2.3 Objective of the Research Work 

 Synthesis of vanadium oxide using mechano-chemical process, hydrothermal process 

and microwave process 

 Modification of synthesized vanadium oxide using graphene oxide 

 Comparative characteristic analysis of synthesized vanadium oxide 

 Preparing the electrode of vanadium oxide for supercapacitor applications 

 Device fabrication for sensing application of synthesized vanadium oxide 
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Chapter 3 

Research Design, Materials and 

Methods 
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There are many synthesis techniques have been developed over time for creating electrode 

materials specifically designed for supercapacitors, as discussed in introduction part. The 

portion of the appropriate synthesis method is critical when working with nanoparticles. 

This is because nanoparticles are highly sensitive to the synthesis method and the precursor 

materials used, which can significantly affect their final properties and performance. 

This chapter provides a detailed explanation of experimental methods which is used to 

synthesize vanadium oxide nanoparticles and their composites with GO. Three main 

synthesis techniques were employed: hydrothermal synthesis and mechanochemical and the 

microwave method. Using high-temperature aqueous solutions at high vapor pressures 

during hydrothermal synthesis helps to create well-defined nanostructures. The microwave 

synthesis method offers rapid and uniform heating, which significantly reduces reaction 

times and enhances the control over nanoparticle size and morphology. This technique also 

improves energy efficiency and often results in higher purity and yield of the synthesized 

materials. The mechanochemical synthesis method offers the advantage of being an 

environmentally friendly process that often requires less solvent and energy, while also 

enabling the production of nanomaterials with unique properties due to the high-energy 

mechanical forces involved. 

Characterization of the synthesized materials is a crucial step. It makes it possible for 

researchers to have an extensive knowledge of the characteristics, behaviour, morphology, 

and other important factors that affect how the material is used in supercapacitors. There are 

various characterization techniques available for investigating the properties of nanosized 

particles. These techniques help in determining critical attributes such as size, shape, 

porosity, crystal structure, and the degree of agglomeration. 

Identifying the modified properties during synthesis is essential. Therefore, nanoparticles 

must be thoroughly characterized to understand how they have changed due to the synthesis 

process. This includes assessing parameters like size and shape, which affect the surface 

area and reactivity, and crystal structure, which influences the mechanical and electrical 

properties. One of the major issues in nanoparticle synthesis is achieving reproducibility and 

maintaining the desired properties throughout the processing stages. Nanoparticles can 

exhibit different behaviours when subjected to various environments, which can change in 

their properties. Hence, researchers must recognize and address these unexpected 
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challenges. Understanding how different characterization techniques can minimize synthesis 

surprises and property changes is vital for advancing the field. 

This chapter also discusses the various characterization techniques in detail, along with 

descriptions of the different instruments used for characterizing the samples. These 

instruments and methods provide the necessary tools to evaluate and ensure that the 

synthesized nanoparticles meet the desired specifications and perform as expected in their 

intended applications. By thoroughly characterizing the materials, researchers can better 

predict their performance and tailor them for specific uses in supercapacitors, leading to 

more efficient and reliable energy storage devices.   

 

3.1. Methods used for the synthesized V2O5  

There are many technique to synthesize V2O5 nanoparticles like sol-gel, auto combustion 

method, hydrothermal method, mechanochemical method and the microwave method. 

Among these methods hydrothermal, mechanochemical and the microwave method used to 

prepare the V2O5 nanoparticles.    

3.1.1. Hydrothermal Technique 

The term "hydrothermal method" encompasses various techniques utilized in hydrothermal 

synthesis, where compounds are crystallized from high-temperature aqueous solutions under 

elevated vapor pressures. This approach has geological roots, as "hydrothermal" pertains to 

research in geology. Since the early 1900s, mineralogists and geochemists have studied 

hydrothermal phase equilibria. Percy W. Bridgman at Harvard University and George W. 

Morey at the Carnegie Institution made important contributions to develop the guidelines 

for handling reactive media at the temperatures and pressures typical of hydrothermal 

processes. 

The hydrothermal synthesis method makes use of the solubility in hot water under high 

pressure to create single crystals. The autoclave, a steel pressure vessel that carries water 

and nutrients, is the apparatus used to carry out the crystal formation process. The ends of 

the growth chamber are maintained at distinct temperatures. To develop the desired crystal, 

the nutrient solute is dissolved at the hotter end and put on a seed crystal at the cooler. In 

1845, Karl Emil von Schafhäutl, a German geologist (1803–1890) reported the first instance 
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of hydrothermal crystal development. Using a pressure cooker, he created tiny quartz 

crystals. 

The hydrothermal approach has shown very adaptable in the synthesis of different kinds of 

chemicals. This comprises, among other things, elements, tungstate, molybdates, 

carbonates, silicates, germinates, and simple and complicated oxides. Notably, the 

production of synthetic quartz, gemstones, and other single crystals of economic value is 

largely dependent on hydrothermal synthesis. This technique has been effectively used to 

develop a variety of crystals, including emeralds, rubies, quartz, and alexandrite. 

Hydrothermal synthesis is also a highly useful technique for identifying new mixtures with 

detailed physical properties and for conducting regular research of complex systems at high 

pressures and temperatures. 

Design of Hydrothermal reactor  

Autoclaves are the crystallization containers that are employed in figure 3.1. These are 

typically steel cylinders with strong walls and hermetic seals that must endure high pressure 

and temperatures for extended periods of time. In addition, the material to be autoclaved 

needs to be solvent-inert. The autoclave's sealing is by far its most crucial component. 

Several seal designs have been created, the most well-known of which being the Bridgman 

seal. Hydrothermal tests often utilize steel-corroding solutions. Protective inserts are often 

used to stop corrosion within the autoclave's interior cavity.  
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Figure 3.1 Hydrothermal reactor  

Temperature-difference method 
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 Hydrothermal synthesis and crystal growth are commonly performed using this technique. 

The process involves creating a temperature gradient within the crystal growth zone to 

induce super saturation. In this procedure, the nutrient is placed at the bottom of an autoclave 

that has a certain amount of solvent inside. A temperature gradient created by heating the 

autoclave causes the nutrient to dissolve in the hotter bottom part. The saturated solution is 

then moved upward by the solution's convective currents. The solution comes into contact 

with colder temperatures at the top of the autoclave as it rises. The cooling causes the 

solution to become supersaturated in the upper region, initiating the crystallization process. 

Temperature-reduction technique 

In this method, crystallization may be induced without the need for the temperature gap 

between the dissolution and growth areas. Instead, the temperature of the autoclave solution 

is progressively reduced to achieve super saturation. However, the challenge of managing 

the growth process and adding seed crystals is a significant drawback of this technique. 

These difficulties explain why this method is still very uncommon. 

Metastable-phase technique 

The solubility difference between the starting phase and the phase suitable for growth is the 

basis for this technique. During the growth process, the molecules in the nutrient phase are 

thermodynamically unstable. As the metastable phase dissolves, which is more soluble 

compared to the stable phase, the stable phase begins to crystallize. Typically, this approach 

is used alongside one of the other two methods previously mentioned. 

Advantage of hydrothermal synthesis for nanoparticles synthesis  

The hydrothermal technique of crystal development has an advantage over other methods 

since it may produce phases of crystals which are not reliable at the melting point. High 

vapour pressure materials that are near to their melting temperatures can also be produced 

via the hydrothermal process. Controlling the composition of large, superior crystals during 

their development is another area in which the approach excels. The usage of a steel tube 

will prevent the crystal shape from being visible, as well as the need for expensive 

autoclaves, are the method's shortcomings. Autoclaves with robust glass walls can be used 

at pressures of up to 10 bar and temperatures of up to 300 °C. 

3.1.2. Microwave Technique 

The study of using microwave radiation (systematic diagram of microwave oven as depicted 

in figure 3.2) to accelerate chemical processes is known as microwave chemistry. Any 
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material having electric charges, such as conducting ions in a solid or polar molecules in a 

liquid, will often be heated by microwaves, which operate as high frequency electric fields. 

When molecules in polar liquids collide and are compelled to spin with the field, they heat 

up. Because of the electrical resistance of the material, ions or electrons within conducting 

or semiconducting samples lose energy and generate an electric current, which causes them 

to heat up. After publications in 1986, microwave heating in the lab started to become widely 

accepted. Even though chemical modification has been using microwave heating since the 

1950s. These acronyms, which are often referred to as microwave-assisted organic 

synthesis, microwave-enhanced chemistry or microwave-organic reaction enhancement, 

have not gained much traction outside of a select few organizations.  

 

Figure 3.2 systematic diagram of microwave oven 

Microwave absorption may heat the target compounds without heating the oil bath or 

furnace overall, saving time and energy since it functions as an internal heat source. 

Additionally, it may heat thin things sufficiently across their volume rather than only across 

their outside, which should result in more even heating. However, due to uneven absorption 

by the object being heated and the non-uniform nature of most microwave oven designs, 

localized superheating often arises in the microwave field. To counteract the uneven 

absorption, microwave volumetric heating (MVH) applies a strong, consistent microwave 

field. The rate at which various substances convert microwave radiation into heat changes. 

The reaction vessel in particular benefits from this selectivity, which enables certain areas 

of the item to heat more slowly or faster than others.  
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Compared to traditional ovens, microwave heating can offer the following advantages:  

Acceleration of the response rate, milder circumstances for the response, high chemical, 

output with less energy used, distinct selectivities of reactions and both organic and 

inorganic chemistry are utilized to microwave chemistry 

Advantage of microwave synthesis method  

Using microwave radiation to heat inorganic nanomaterial production has shown to be a 

very successful method. It provides the following benefits: 

 effective way to heat anything (superheat), which raises reaction rates and speeds up 

synthesis 

 regulation of form and size by simple adjustment of instrumental or reaction 

parameters 

 selective heating using the idea that various materials react to microwaves in 

different ways 

 Higher repeatability of chemical reactions compared to traditional heating because 

to more consistent heating and improved process parameter control. 

 Potential combinations of microwave chemistry with other proven liquid-phase 

synthesis techniques, such as Sono chemical and solvothermal techniques. 

 

3.1.3. Mechanochemical Technique 

Mechanochemistry has a very long background. The mortar and pestle were first used as a 

grinding instrument back in the Stone Age. Subsequently, more advanced tools that may be 

used to produce materials for study and many real-world applications took the place of these 

basic tools. Using a variety of mechanical forces, including friction, shear strain, 

compression, and others, the reactant species undergoes a chemical change as part of the 

mechanochemical process. Theophrastus discovered that this procedure was written down 

as early as 315 BC in his work "On Stones". Although the fundamentals of 

Mechanochemistry remain mostly enigmatic, systematic research on the subject began in 

the 19th century and made great strides in the 1960s.  

Cement clinker, ores, and powder metallurgy processes are a few significant industrial 

applications of mechanochemistry that date from the 19th century. These processes use fine 

grinding as a mechanochemical technique. Mechanochemistry is still a subject of study, 

although its initial slow progress was sped up with the development of mechanical alloying. 
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These days, mechanochemical synthesis is becoming more and more common in several 

disciplines, including organic, inorganic, and materials chemistry. A reaction of 

mechanochemical is "a chemical reaction that is induced by the direct absorption of 

mechanical energy," according to the definition provided by IUPAC in 2003 due to the rising 

popularity of Mechanochemistry. 

Advantage of Mechanochemical method 

One of the most secure methods for creating nanomaterials is mechanochemical synthesis. 

Comparing this synthesis to wet chemical processing, it is safer. The following are this 

synthesis's main benefits: 

 Mesoporous materials may be synthesized by mechanical grinding with the use of 

templates. Furthermore, mechanochemical may be used to create nanoporous 

materials using nano-casting synthesis. 

 The active sites on the surface, size, functionality, and surface-to-volume ratio of 

nanomaterials all play a significant part in their activity. Doping NPs can change 

their surface characteristics, which is frequently done to improve their antibacterial, 

catalytic, and other qualities. 

 Conventional synthesis takes longer than mechanochemical processes. In traditional 

synthesis, it takes 70 hours to reduce particle size from 2-3 mm diameters to 3 µm, 

whereas a planetary ball mill can do the same task in 3 minutes. 

 This method assists in producing nanoparticles with a limited distribution of particle 

sizes. 

3.2. Characterization Techniques 

Their characterisation may be used to identify the crystalline structure, size, and shape of 

the produced nanoparticles and nanocomposites. The electrochemical performance of 

supercapacitor electrodes was examined by means of electrochemical techniques such as 

electrochemical impedance spectroscopy, galvanostatic charge/discharge experiments, and 

cyclic voltammetry. The three primary metrics used to evaluate the performance of 

supercapacitors are specific capacitance, power density, and energy density. 

3.2.1. Scanning Electron Microscope (SEM) 

The morphological structure of the produced nanoparticles was investigated using a field 

emission scanning electron microscope (FESEM, JOEL). Figure 3.3 displayed the 
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Schematic of SEM. A scanning electron microscope, in contrast to conventional optical 

microscopes, produces pictures by use of a concentrated electron beam. A metal filament 

within the electron cannon is heated to produce this electron beam at the upper of the electron 

microscope. The electron ray descends the column of the microscope vertically. The beam 

is focused and directed onto the sample by use of electromagnetic lenses. As the sample 

comes into contact with the electron beam, secondary electrons are released from its surface. 

Following their collection, the secondary electrons are transformed into a signal that may be 

measured by detectors. This signal is used to generate an image displayed on a computer 

screen [198].  

 

Figure 3.3 Schematic of SEM. 
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One of the significant advantages of FESEM is the use of a field emission cathode in the 

electron gun. This cathode produces a narrow, finely focused probing beam with a high 

degree of electron energy control. This precise beam reduces the risk of charging or 

damaging the sample during imaging, making FESEM particularly suitable for delicate 

applications. Additionally, the narrow beam enhances spatial resolution, allowing for 

detailed visualization of the sample's morphology. Additionally, an energy-dispersive X-ray 

analytical system can be added on FESEM. The fundamental composition of the 

nanoparticles may be identified because of their addition. Typical X-rays released as end of 

the sample and electron beam interacting. These X-rays are detected and analyzed by the 

EDX system, providing information about the elements present in the sample and their 

relative abundances. This dual capability of imaging and compositional analysis makes 

FESEM a powerful tool for the comprehensive study of nanomaterials [199] 

To visualize a sample, a scanning electron microscope collects scattered electrons by 

scanning the electron beam across the surface of the sample. Since the picture is generated 

using backscattered signals compared to forward-transmitted signals, a high electron beam 

energy (less than 40 keV) is not necessary, nor does the sample need to have electronic 

transparency or an appropriate level of conductivity to avoid charging [199]. 

 

3.2.2. X-ray Diffraction (XRD) spectroscopy 

X-ray diffraction is a powerful method used to determine various quality attributes of a 

sample, such as its crystal structure, atomic arrangement, particle size, crystalline texture, 

and overall perfection. Figure 3.4 represent the Schematic diagram of XRD. Because the 

atomic spacing in crystals falls within the angstrom range, which is extremely small, X-rays 

are employed due to their similarly small wavelengths, typically in the angstrom (Å) range.  
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Figure 3.4 Schematic of XRD. 

 

These X-rays can penetrate the atomic arrays and provide detailed insights into the sample's 

internal structure. In an XRD analysis, X-rays are directed onto the sample from a fixed 

point. As the X-rays interact with the sample, they are diffracted in specific directions, 

depending on the arrangement of the atoms within the crystal. Bragg's Law, which is written 

as (2d sinƟ = n⅄), governs this diffraction pattern. The variables in this equation are (n) the 

order of diffraction, (d) the distance between the atomic planes in the crystal, (Ɵ) the angle 

of incidence at which the X-rays impact the sample, and (⅄) the wavelength of the incoming 

X-rays. The wavelengths of CuKα1 (1.54056 Å) and CuKα2 (1.5444 Å) are often utilized 

in XRD.  

The diffracted X-rays are detected over a range of angles (ɵ), creating a diffraction pattern. 

By analyzing this pattern, one can infer a variety of properties about the sample. For 

instance, the positions of the peaks in the diffraction pattern indicate the crystal structure 

and atomic arrangement, while the intensities of these peaks provide information about the 

crystallographic texture and the degree of perfection within the crystal. The broadening of 

the peaks in the diffraction pattern is inversely related to the particle size, according to the 

Scherrer equation. This means that smaller particles will cause broader peaks, allowing 

researchers to estimate their size based on the diffraction data [200]. 

Debye-Scherrer's formula of has been used to analyze the crystallite size (D) from the line 

broadening. 
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D = 
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
 

Where,  

D = Crystalline size (nm), 

K = 0.9 (Scherrer Constant), 

λ = Wavelength of x-rays (0.15406 nm)  

β = FWHM (Radians),  

θ = Peak position. 

In the present study, X-ray diffraction of all samples was analysed with a diffractometer 

[Brand: BRUKER] with X-ray radiation of wavelength 1.54056 Å. The scattering angle 

covered was from 20° to 80°. 

 

3.2.3. Fourier transform infrared (FTIR) spectroscopy 

It is an essential and essential characterization method for explaining the molecular-scale 

structure of the substance (Figure 3.5). Infrared spectroscopy is use to identify the chemical 

structure and the bonding structure of the material's basic parts. [201]. In order to get the 

infrared spectrum, FTIR spectrometers convert the Fourier signal from a moving mirror 

interferometer to an optical IR signal transform. In order to determine the chemical structure, 

IR spectroscopy entails identifying the individual components or groups of atoms absorbed 

at certain IR frequencies [202].  
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Figure 3.5 Schematic of FTIR. 

 

This approach is impartial when it comes to chemical analysis. Furthermore, it is possible 

to compute molecular strain, crystallinity, and tactility. 

The frequencies observed in the infrared field are linked to the vibrational movements of the 

chemically bound components of matter. Matter may couple with an infrared 

electromagnetic radiation beam and share energy with it once the frequencies are within 

resonance when certain vibrational modes cause oscillations. In infrared testing, the sample 

is utilized as an action of light frequency, u, to measure the intensity of an IR radiation beam 

before to (I0) and following (I) interaction [203]. On a graph of I/I0 vs frequency, we have 

the IR spectrum. It is most likely possible to identify the types, conditions, and 

concentrations of the chemical bonds that are present.  

 

3.2.4. Raman Spectroscopy 

This high spatial resolution vibrational spectroscopy method is non-destructive, non-contact, 

and offers insights into crystal structure and molecule vibrations (diagram shown in the 

figure 3.6). Through interactions with the molecules, a laser light with a frequency of υₒ 

modifies the electron cloud, creating a virtual state in this spectroscopy. The photon is 

reemitted as scattered light because the virtual state is unstable. Depending on the kind of 

scattering, the light can either have the same frequency (υs = υₒ) as the different frequencies 

or incident light.  



 

 

 

 

 

62 

 

 

Figure 3.6 Schematic of RAMAN. 

 

Stokes scattering refers to light dispersed at a frequency lower than the incident light (υs = 

υₒ - υt), whereas anti-Stokes scattering refers to light scattered at a frequency higher than the 

incoming light (υs = υₒ - υt). The Raman shift, defined as (Δυ = υₒ ± υt), is the difference in 

frequency between the Stokes or anti-Stokes line and the approaching beam. One in every 

106–108 dispersed photons are subject to the extremely weak Raman scattering process, in 

contrast to the dominant Rayleigh scattering process. The Raman scattered light is captured 

as a Raman spectrum using a camera that has a charge-coupled device (CCD) attached to it. 

To identify materials specific orientation, crystallinity and stress, a specific Raman spectrum 

is employed [204]. 

In Raman instruments, a filter removes Rayleigh light, leaving single Stokes Raman 

dispersed light that can be verified at room temperature. Single Stokes light is detected at 

room temperature because the intensity of the Stokes Raman scattered light is greater than 

the concentration of the anti-Stokes light. But unlike Stokes light, anti-Stokes Raman light's 

intensity rises with temperature, hence anti-Stokes light may also be measured [205]. In the 

current study, a Renishaw Raman microscope is used to get the Raman spectra in the 100–

1500 cm–1 wavenumber range with a laser excitation of 514 nm. To avoid sample damage 

from the laser's heating, measurements are made at low laser incident power. 
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1.3 Supercapacitor Performance 

The research apparatus was divided into two categories—two and three-electrode systems—

for the purpose of evaluating supercapacitors. The three-electrode system is designed to 

evaluate electrode materials by screening them with small quantities of the active ingredient. 

The two-electrode method, which is similar to the design of fully built supercapacitors, 

assesses a cell's efficiency in less-than-ideal conditions. 

3.3.1. Three Electrode System 

A potentiostate is attached to a working electrode, reference electrode, and counter electrode 

in the three-electrode method shown in figure 3.7. As the current flowing through the 

electrode is captured or controlled, there is a shift in the electrode potential and current. This 

potentiostate is used to control the electrode potential after measuring variations in the 

current and electrode potential. The active material is usually covered on the outside surface 

of a fixed electrode, which can be either platinum metal or glassy carbon, to create the 

working electrode. 

 

Figure 3.7 three electrode system; WE-working electrode, RE-reference electrode, and CE-

counter electrode 
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Before the ink is equally distributed, a chosen solvent is used to dissolve the working 

substance (such as water, ethanol, or isopropanol). If the active ingredient in this ink is 

conductively insufficient carbon supplements are added. The previously polished electrode 

surface is then pipetted with the necessary amount of ink. To prevent the ink from leaking 

into the electrolyte, a small quantity of polymeric binder, such as Nafion, is frequently added 

after the ink has been deposited. The reference electrode in the three-electrode setup creates 

a foundation potential by establishing a stable potential. 

Single fixed potential reference electrodes are available in a variety of shapes. Traditional 

hydrogen electrodes (NHE), Ag/AgCl silver chloride electrodes, and saturated calomel 

electrodes (SCE) are examples of common reference electrodes. Finally, by changing their 

potential, a counter electrode, sometimes referred to as an auxiliary electrode, balances the 

reaction that occurs in the working electrode. Graphitic rods or platinum mesh, which are 

highly conductive but inert, were most likely utilized as reference electrodes for this 

purpose. 

 

3.3.2. Preparation of working the electrode 

Carbons, polyvinylidene fluoride (PVDF), and the required weight percentage of as-

produced V2O5 nanoparticles were mixed (80:10:10, respectively) to make electrodes for 

electrochemical studies. The resulting slurry was uniformly applied to a nickel foam 

foundation of approximately 1 cm², and then allow to dry for 12 hours at 60 °C. Ultimately, 

it is seen as a functional electrode. The KOH was used as the electrolyte solution in the 

electrochemical workstation (CHI660E) during the electrochemical testing. A three-

electrode cell is powered by a cyclic voltammeter, the reference electrode functions as the 

Ag electrode and the counter electrode as the Pt electrode in the above case. 

3.4. Electrochemical study 

Supercapacitors' electrochemical performance may be examined by utilizing parameters 

including series resistance, capacitance, energy density, operating voltage, and time. To find 

out the essential characteristics of the supercapacitors, the electrochemical workstation 

[Brand: Biologic, Model: VSP Potentiostate, France] was used in the current study project. 

There are usually three ways to assess a supercapacitors performance. The primary goal of 

three approaches to analyze the electrochemical properties of energy storage system. 
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Cyclic voltammetry uses a defined scan rate and potential to calculate current density, 

whereas Electrochemical Impedance Spectroscopy uses capacitance or impedance, and 

Galvanostatic Charge and Discharge usages for current density and fixed potentials. The 

most accurate way to assess the electrochemical performance of supercapacitors is by GCD. 

 

3.4.1. Cyclic voltammetry 

In the study of electrochemistry, cyclic voltammetry, or CV, is an invaluable instrument. 

The performance of several electrical energy storage devices, including supercapacitors, 

whole cells, and batteries, may be interpreted using it extensively. Electrodes that change 

frequently and linearly with time are subjected to an electrical potential during a CV test. A 

measurement is made of the resultant electrical current. By integrating the electrical current 

concerning time, the total charge generated on the electrode surface is ascertained. The total 

charge divided by the potential window is the final formula for the capacitance [206]. 

Capacitance is commonly evaluated at various scan rates to assess the supercapacitors 

efficiency. Although they are closer to the ideal form, the capacitance values are larger at 

lower scan rates as compared to higher scanning levels [207] . Furthermore, it was usual to 

figure out the electrochemical processes behind the charging and discharging of 

supercapacitors from the structure of CV curves. 

As an example, while charging supercapacitors from zero potential, the current increases 

initially and decreases as the electrical potential rises further. Therefore, it is typical to see 

a "hump" in the CV curves. A perfect rectangular form and scan rate-dependent behaviour 

are indicated by the CV of an ideal capacitor that has low resistance, as seen in figure 3.8(a). 

As seen in figure 3.8(b). Deviations from the rectangular form are observed in the case of 

actual capacitors and are represented as the series combination of internal resistance R and 

total capacitance C [208]. 
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Figure 3.8 Cyclic voltammogram of (a) ideal capacitor and (b) real capacitor 

Using the following equation, the specific capacitances were determined from the CV data. 

𝐶𝑠 =  
1

𝑚𝑣(𝑉1 − 𝑉2)
∫ 𝐼(𝑉)𝑑𝑉

𝑉1

𝑉2

 

Where I, is the current being discharged (A), V1–V2 is the potential window (in V), m is the 

mass (g) of one electrode, C is the specific capacitance in (Fg–1), and v is the scan rate (in 

Vs–1). 

 

3.4.2.  Galvanostatic charge/discharge test 

An effective technique for determining electrochemical capacitance under regulated 

conditions is galvanostatic charge-discharge or GCD. Because the current is controlled and 

the voltage is measured, this approach is different from cyclic voltammetry. Due to its 

extension from a laboratory size to an industrial one, this is one of the most widely used 

supercapacitor methods [209]. A set of supercapacitor properties, including capacitance, 

ESR, and cycle stability, are obtained by this method, which is also known as 

chronopotentiometry. 
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Figure 3.9 Galvanostatic charge-discharge plot of pseudocapacitive material 

 

This test involves applying a continuous current to the working electrode and measuring the 

potential generated with a reference electrode as a function of time. The following equation 

was used to measure the specific capacitance (Cs) using the charge-discharge technique. 

𝐶𝑠 =
𝐼 × ∆𝑡

∆𝑉 × 𝑀
 

Where mass of the active material is M, potential window is ΔV, discharge time is Δt, current 

during the discharge process is I, and Cs is the specific capacitance. 

Series resistance is seen when there is a voltage drop across the current inversion. For an 

inverse current, the resistance of the cell is directly related to the voltage drop [210]. 

Furthermore, by measuring capacitance and resistance repeatedly over a significant number 

of cycles, one can evaluate the cyclic stability of supercapacitors (also known as redox 

capacitors or EDLCs). 

 

3.4.3.  Electrochemical impedance spectroscopy 
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The EIS test provides supercapacitor impedance data at open circuit potential using changing 

potential for a wide frequency range (e.g. from 0.01 to 100 kHZ) at a narrow amplitude (e.g., 

± 5 to ± 10 mV). Apply the Bode plot's linear portion of a log |Z| vs. log f curve, the 

capacitance is calculated using C=1/(2πf |Z|) from the EIS test, where f is the frequency and 

|Z| is the imaginary component of impedance [211]. The Bode plot makes it clear that 

capacitance dropped as frequency increased. At higher frequencies, supercapacitors are 

made completely of resistance. This suggests that the electrolyte ions will be unable to 

penetrate the electrode's micropores at higher frequencies [212]. 

An additional technique for determining the impedance from the EIS test is the Nyquist chart 

(Graphical representation of Nyquist impedance has been in Figure 3.10]. A curve is 

developed by plotting the imaginary (Z(f)") and real (Z(f)') components of impedance 

against each other. By determining the semicircle diameter, the charge transfer resistance 

may also be calculated from the Nyquist plot. 

 

Figure 3.10 Graphical representation of Nyquist impedance 

 

In the same way, the pseudo capacitor's charge transfer resistance is determined between 

high and low frequencies. In contrast, the impedance plot's primary component is the pure 

capacitive performance at extremely low frequencies. EIS testing may be done over a 

extensive range of frequency, from 10 mHz to 100 kHz. 

 

3.4.4. Gas Sensing Measurement 
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Response and Recovery Time  

Response time is the amount of time desired used for a sensor to attain 90% of its entire 

response after being exposed to the target gas in terms of resistance, absorbance, 

capacitance, etc. The recovery time is the amount of time desired to remove the target gas 

from it and restore 90% of the initial signal. During gas sensing performance, response and 

recovery times are crucial. An important feature of a good sensor is its quick reaction and 

recovery time.  
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Chapter 4 

Synthesis and Electrochemical Characterization of V2O5 

4.1. Introduction 

Energy storage has become increasingly critical in various aspects of modern life, reflecting 

its essential role in several key areas. This includes harnessing renewable energy sources, 

powering electric vehicles, generating electricity, and ensuring the efficient operation of 

portable electronic devices such as computers and mobile phones [213]. The growing 

reliance on these technologies underscores the need for advanced energy storage solutions. 

Supercapacitors (SCs), commonly referred to as electrochemical capacitors (ECs), are a 

major energy storage technology that can be identified by their high energy density, quick 

charging and discharging speeds, and extended lifespan [214]. These characteristics make 

SCs particularly attractive for a wide range of applications, from powering electric vehicles 

to stabilizing renewable energy sources and enhancing the performance of portable 

electronics. 

The improvement of advanced materials is pivotal in advancing these energy storage 

technologies. A diverse array of materials has been investigated for this purpose, with metal 

oxides like Co3O4, RuO2, MnO2, CuO, NiO, and V2O5 showing great promise due to their 

excellent electrochemical properties. Among these, vanadium pentoxide (V2O5) is especially 

noteworthy for pseudocapacitor applications [215]. V2O5 is favoured because of its multiple 

valence states, high potential window, low cost, versatility in forming multiple structures, 

and relatively low toxicity [216], [217]. These inherent properties make V2O5 an excellent 

candidate for energy storage devices. To capitalize on these advantageous characteristics, 

various synthesis methods have been employed to produce vanadium oxide nanoparticles. 

These methods include sol–gel techniques, hydrothermal synthesis, microwave-assisted 

processes, and solvent-thermal methods. Recent research has highlighted the impressive 

performance of V2O5 nanofibers produced through electrospinning, which exhibit a 

significant capacitance of 190 F/g [218]. Another study demonstrated that V2O5 

nanostructures could attain a maximum capacitance of 155 F/g [219]. 

Despite these promising results, challenges remain. Inadequate conductivity and difficulties 

in precisely controlling the morphology, shape, and valence states of V2O5 contribute to its 
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relatively low specific capacitance values. Overcoming these challenges is crucial for 

developing more efficient and durable energy storage technologies. 

This research aims to investigate the electrochemical characteristics of V2O5 synthesized 

with distinct morphologies using hydrothermal mechanochemical and microwave methods. 

By assessing and comparing their performance, this study seeks to address the existing 

challenges and enhance the understanding of how different synthesis techniques impact the 

electrochemical properties of V2O5. In final analysis, this research may contribute to the 

development of better energy storage systems by utilizing V2O5's full potential as a 

supercapacitor material. 

4.2. Preparation of V2O5 by different method  

4.2.1. Hydrothermal Synthesis Technique   

To synthesize V2O5 nanoparticles using the hydrothermal technique (Figure 4.1), this 

process begins with dissolving 1 gram of ammonium metavanadate (NH4VO3) in 60 ml of 

de-ionized water. This is done under continuous stirring to ensure complete dissolution and 

uniform mixing. Next, 1.27 grams of oxalic acid (C2H2O4) is mixed in the solution. Stirring 

continues for another 15 minutes to ensure that the oxalic acid is thoroughly mixed with the 

solution. For the hydrothermal method, the resultant solution is then transferred into a 100 

ml Teflon-lined hydrothermal reactor. The reactor, containing the solution, is placed in hot 

air oven and heated at 150˚C for 7 h. This controlled heating process facilitates the formation 

of V2O5 nanoparticles under high pressure and temperature conditions. 
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Figure 4.1 Flow chart of synthesis of V2O5 nanoparticles by hydrothermal method 

 

4.2.2. Mechanochemical Synthesis Technique  

For the mechanochemical method, first NH4VO3 mixed with the ethylene glycol and the 

mixture was stirred for an extra 1 hour and 30 minutes. This continued stirring ensures better 

interaction and reaction between the components, potentially leading to different 

morphological or structural properties in the final nanoparticles. The filtered nanoparticles 

are then washed multiple times with ethanol and de-ionized water. This washing process is 

crucial to remove any residual impurities or unreacted precursors that might be present. 

The washed nanoparticles are then dried in a hot air oven at 45˚C for 30 minutes. This drying 

step helps to remove any remaining moisture, resulting in dry vanadium oxide nanoparticles. 

To further enhance the crystalline structure and purity of the nanoparticles, they are 

subjected to calcination. Calcination involves heating the dried nanoparticles at 550˚C for 2 

hours. This high-temperature treatment helps in stabilizing the crystal structure and 

improving the material's properties for various applications. The detailed process of 

preparing V2O5 nanoparticles by mechanochemical methods is summarized in a flow chart, 

as shown in figure 4.2.  



 

 

 

 

 

74 

 

 

Figure 4.2 Flow chart of synthesis of V2O5 nanoparticles by mechanochemical method  

 

4.2.3. Microwave Synthesis Technique 

To Prepare the Vanadium oxide nanoparticles using microwave irradiation synthesis (as 

shown in Figure 4.3), 80mg of ammonium metavanadate was dissolve in ethylene glycol, 

and the mixture was stirred continuously for 30 min. After this, the mixture was 

ultrasonication for 15 min to break down the aggregates and ensure the uniform distribution 

of the solute. The homogenous suspension was then transferred to a microwave container at 

600 watts for 6 min. this microwave heating step provided rapid and uniform heating, 

enhancing the reaction kinetics and promoting the formation of nanoparticles. The solution 

was washed numerous times with a suitable solvent to remove impurities. The washed 

precursor was then dried thoroughly to obtain a dry powder. For the annealing, dry precursor 

was placed in the muffle furnace at 500˚C for 2h. This high temperature annealing step 

promoted crystallization and improved the structural properties of the nanoparticles. Finally, 

the product V2O5 nanoparticles was ready to use for the further application. 
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Figure 4.3 Flow chart of synthesis of V2O5 nanoparticles by microwave method  

 

4.3. Characterization of synthesized V2O5 nanoparticles 

The analysis of V2O5 nanoparticles prepared through hydrothermal, mechanochemical and 

microwave methods is illustrated in figure 4.4 (a), which shows the X-ray diffraction (XRD) 

patterns for these samples. The XRD analysis confirms that the prepared nanoparticles 

exhibit the orthorhombic phase of V2O5. This is identified by the characteristic diffraction 

peaks corresponding to this crystal structure. These peaks have a small full width at half 

maximum (FWHM), indicating that the nanoparticles are highly crystalline, meaning they 

have well-ordered atomic structures with minimal defects [220]. The crystalline size (D) 

calculated by Debye-Scherrer formula for V2O5 are 61 nm (2θ=15.4), 32 nm (2θ=15.34) and 

28 nm (2θ=15.4) prepared by mechanochemical, hydrothermal and microwave method 

respectively. The XRD figure 4.4 (a) reveals a notable shift the peak positions towards lower 

angles for the V2O5 nanoparticles which was synthesized via the hydrothermal and 

mechanochemical method. This shift suggests an growth in the unit cell volume of the V2O5 

produced by this method, indicating slight variations in the properties of crystal compared 

to the microwave method [221]. From the data of X-ray diffraction, a plot of β cosθ and sinθ 

is created; linear fit is given for the data points. The corresponding Williamson Hall plots 

are shown in the Figure 4.4 (b, c and d). From the W-H plot, the calculated value of the 



 

 

 

 

 

76 

 

average crystallite size is found to be 61 nm, 31 nm and 28 nm of the V2O5 prepared by 

mechanochemical method, hydrothermal method and microwave method. 

 

Figure 4.4 XRD data of hydrothermal, mechanochemical and microwave method of V2O5. 

 

The Fourier transform infrared (FTIR) spectra of V2O5, obtained using three distinct 

methods, are shown in Figure 4.5. Two significant absorption bands about 845 cm-1 and 

1012 cm-1 are visible in the FTIR spectra. These bands are important because they identify 

certain vibrational modes in the structure of V2O5. The absorption band at 1012 cm-1 is due 

to vibrating of isolated V=O vanadyl groups present in VO5 trigonal-bipyramids. The 

stretching vibration of extra coordinated oxygen bonds (V–O–V), sometimes referred to as 

bridge oxygen, and is linked to the band at about 845 cm-1. [222]. These vibrational 

signatures confirm the presence of the expected chemical bonds within the V2O5 

nanoparticles. 
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Figure 4.5 FTIR data of hydrothermal, mechanochemical and microwave method of V2O5. 

 

Figure 4.6 (a-c) displays the SEM image of V2O5 synthesized by the hydrothermal method 

mechanochemical method and the microwave method respectively. The morphology 

obtained of the V2O5 which is prepared by the mechanochemical method is nanoparticles 

like and as presented in fig 4.6(d) the particles size is around 198nm. Figure 4.6(e) illustrate 

the SEM image of nanostructured V2O5 particles which is fabricate by hydrothermal method 

and the particles size is around 175nm.  Another finding is that the vanadium pentoxide 

which is prepared by the microwave method nanoparticles have a rod like morphology as 

shown in figure 4.6(f), and some neighbouring particles are iso-oriented with each other and 

the particle size is 145nm which is smaller than the V2O5 nanoparticles prepared by the 

mechanochemical and hydrothermal method. This difference in particle size can be 

recognized to the distinct synthesis conditions of each method.  
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Figure 4.6 SEM and EDX data of V2O5 prepared by (a & d) hydrothermal method, (b & e) 

mechanochemical method and (c & f) microwave method 

 

4.4. Electrochemical analysis of prepared Sample   

The active material is applied on a 1 cm x 1 cm piece of nickel foam to produce the working 

electrode for an electrochemical cell. This process starts with the preparation of a 

homogeneous paste, which includes mixing activated carbon (AC), polyvinylidene fluoride 

(PVDF), and the solvent N-methyl-2-pyrrolidone (NMP) in a weight ratio of 8:1:1. The 

active material constitutes 80% of the total weight, while activated carbon and PVDF each 

account for 10%. The NMP solvent is added to dissolve the PVDF, ensuring that the mixture 

forms a uniform paste. Following the coating process, the nickel foam is dried at 

approximately 80°C in a vacuum oven. The vacuum environment ensures effective removal 

of the solvent and prevents oxidation or contamination, resulting in a well-adhered and 

functional electrode. 

Figure 4.7 presents the cyclic voltammetry (CV) curves of V2O5 synthesized using 

hydrothermal, mechanochemical and microwave techniques, recorded at various scan rates 

ranging from 10 to 100 mV/s. The distinctive redox peaks on the CV curves point to the 
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faradic behaviour that characterizes the V2O5 material. This faradic pattern implies that 

redox processes as well as ion electrostatic interactions play a role in the charge storage 

device. 

The peak currents in the CV curves reach in line with the scan rate. Higher scan rates cause 

an increase in peak current without significantly changing the overall shape of the CV 

curves. This behaviour indicates that the faster potential sweep rates enable a larger number 

of redox-active species to engage in the electrochemical reactions during each cycle [223]. 

This phenomenon reflects the pseudo-capacitive nature of V2O5, where the faradic redox 

processes, involving intercalation-deintercalation and incomplete adsorption-desorption of 

ions on the electrode surface, contribute to the charge storage [224]. 

For the V2O5 synthesized via the hydrothermal and mechanochemical, the CV curves show 

a more pronounced cathodic peak compared to the anodic peak. This pronounced cathodic 

peak suggests a stronger reduction process relative to the oxidation process. This could be 

due to modifications on the electrode surface and the presence of impurities that enhance 

the reduction reactions [225]. 

In contrast, the CV curves for V2O5 prepared through the hydrothermal method exhibit two 

distinct oxidation peaks, which are associated with the intercalation or de-intercalation of 

potassium ions (K+). The presence of these two oxidation peaks in the hydrothermal 

method's CV curves highlights specific electrochemical behaviour of the V2O5 material 

under these synthesis conditions. This does not necessarily indicate a greater number of 

phase transitions compared to the mechanochemical and microwave method but rather 

reflects differences in how the material interacts electrochemically [226]. 

 

Figure 4.7 CV curve of the V2O5 electrode at different scan rates for mechanochemical, 

hydrothermal and microwave method. 
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The galvanostatic charge-discharge experiments, depicted in Figure 4.8, were conducted on 

V2O5 electrode materials of different method, at rang of 1 A/g with the potential window of 

0 V to 0.4 V. These experiments designed to evaluate for the specific capacitances (Cs) of 

the samples, which were calculated using a specific equation. The equation considers the 

current density (Im), discharge time (Δt), and potential window (ΔV). 

𝐶𝑠 =
𝐼𝑚 ∗ ∆𝑡

∆𝑉
 

The specific capacitances (Cs) of V2O5 prepared by the mechanochemical, hydrothermal 

and the microwave methods was evaluated to be 75 Fg−1, 77 Fg−1 and 122 Fg−1 respectively. 

The higher specific capacitance value for the microwave method indicates a superior 

electrochemical performance compared to the hydrothermal and mechanochemical method.  

Figure 4.8 The GCD curves of the V2O5 electrodes are depicted for hydrothermal, 

mechanochemical and microwave method.  
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This discrepancy suggests that the V2O5 synthesized through the hydrothermal and 

mechanochemical method has a less favourable electrode surface, higher internal equivalent 

series resistance (ESR), and likely contains impurities, as inferred from the cyclic 

voltammetry (CV) curves [227]. Specific capacitance (Cs) declines as the current density 

rises because the V2O5 electrode's discharge time shortens. Diffusion constraints are the 

main cause of the drop in Cs at greater current densities. At higher current densities, the ions 

have less time to diffuse into the deeper parts of the electrode material, resulting in reduced 

charge storage efficiency [228]. 

Figure 4.9 shows the impedance curve exhibiting two typical components: a low-frequency 

straight line (between 400 Hz to 10 mHz) followed by a high-frequency semicircle (between 

10 kHz to 400 Hz). These components correspond to the interfacial charge transfer resistance 

between the electrodes and electrolytes (Rct), and electrode kinetics controlled by the 

diffusion, respectively [123].  

 

Figure 4.9 electrochemical impedance spectroscopy (EIS) plot of V2O5 electrode of 

different method. 

Figure 4.9 shows the Nyquist plot for V2O5 electrode material prepared by the hydrothermal 

mechanochemical and microwave method. The microwave method resulted in a smaller 
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value of series resistance Rs = 1 Ω compared to Rs = 2.5 Ω and Rs = 5 Ω for the hydrothermal 

method and mechanochemical method. The presence of curved vertical lines along the 

imaginary axis (–Z") at lower frequencies reveals the pseudocapacitive behavior of the 

electrode material due to significant ion diffusion limitations in the V2O5 electrode.  
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Chapter – 5 

Properties and Performance of V2O5 as a Gas Sensor 

 

5.1. Introduction 

Volatile organic compounds (VOCs) are prevalent in various industrial processes, household 

products, and automotive emissions, posing significant health risks even at low 

concentrations. In recent years, the harmful effects of volatile organic compounds (VOCs) 

on the health of people and the environment caused a great deal of attention being dedicated 

to their detection and monitoring. Consequently, the development of efficient sensing 

platforms capable of rapid and sensitive detection of VOCs is imperative for environmental 

and public health protection. Because of their high sensitivity, quick response, and ability to 

be included into portable devices, electrochemical sensors are one of the sensing 

technologies that are most suited for volatile organic compound (VOC) detection. 

Gas sensors based on metal oxide have involved a lot of attention due to their improved 

chemical process control and potential medical uses. Zinc Oxide (ZnO), SnO2, and Fe2O3 

are examples of binary metallic oxides that have excellent sensing properties [229], [230], 

[231], [232],. Vanadium pentoxide (V2O5), also known as vanadium (V) oxide, is an 

inorganic compound that can be used to develop sensors that detect volatile organic 

compounds. V2O5 shows n-type conductivity by nature, but when formed in a hydrated 

amorphous phase by atomic layer deposition, it can change to p-type conductivity. The 

surface of V2O5 can absorb more oxygen ions, which can lead to high sensing performance.  

Metal oxide-based gas sensors have produced a lot of research attention due to the increasing 

of environmental issues and medicinal applications. Among of the semiconductor materials 

and metal oxides, such as SnO2, ZnO and Fe2O3, have great sensor abilities [233]. 

A gas sensor uses chemical procedures that transform into signals that can be observed 

analytically to detect different gases in different atmospheres. Although a sensor may 

produce many different types of outputs, electrical or optical signals are the most often used 

[234]. The particular type of gas, the amount present, the materials used to make the sensor, 

and the output produced when the gas interacts with the surface material of the sensor all 

affect how effective a gas sensor is [235]. When the chemical composition of the ambient 
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atmosphere changes, transition-metal oxides can sense gases by reversibly changing their 

electrical conductance; this method of gas detection relies on the interaction between the 

surface of the sensor element and the surrounding gaseous environment [236].  

Semiconductors like SnO2, ZnO, and Fe2O3 are commonly employed for detecting ethanol 

gas. However, their limited sensitivity and high temperature of operation limit their use, 

requiring the search for innovative and possible alternative materials. As a result of its 

exceptional intrinsic features, vanadium pentoxide (V2O5) has been proposed for multiple 

optoelectronic applications primarily as a gas sensor. One-dimensional V2O5 has a potential 

future in the production of gas sensors which can work at ambient temperature. V2O5 is a 

transition-metal oxide semiconductor that has attracted a lot of interest over the years due to 

its unique layered structure, many valence states, and several uses [237], [238]. V2O5 is n-

type semiconductor with high oxidation state and a high stability. Moreover, V2O5 has active 

areas for gaseous molecule adsorption on its surface. It has numerous intriguing properties, 

including a multilayer structure, multivalence, a large optical bandgap (2.44 eV), and strong 

chemical and thermal stability. Vanadium pentoxide is a great option for gas sensing because 

of its properties [239], [240].  

V2O5 thin film prepared by several techniques such as electron beam evaporation, 

magnetron sputtering, spray pyrolysis, thermal evaporation, and sol-gel technique. In this 

study, the sol-gel technique was used to create V2O5 thin-film nanostructures from high-

purity V2O5 powder mixed in distilled water and hydrogen peroxide as a precursor. XRD 

and FESEM were employed to analyze the nanoparticles. These techniques provided 

detailed information about the structural and morphological characteristics of the particles, 

allowing for a thorough examination of their properties. The performance of sensing and 

efficiency of the outcome V2O5 thin film gas sensor is described. This work focused on the 

response time and recovery time of the V2O5 thin film. Target gases have been determined 

to be Acetone, IPA and Methanol. 

  

5.2. Materials and methods  

For the synthesis of V2O5, a Kenstar residential microwave oven (model No. OM 20 ESP; 

1200 W) was utilized, capable of providing a power ranging from 0 to 1000 W. The key 

chemical reagents used in this process were ammonium metavanadate (NH4VO3, > 99.0% 
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purity), hydrogen peroxide (H2O2), and ethylene glycol (C2H6O2), all sourced from Loba 

Chemie, India. 

The synthesis involved microwave irradiation; a technique known for its efficiency in 

producing various morphologies of vanadium oxide. This method leverages the rapid 

heating capabilities of microwave radiation to accelerate chemical reactions, leading to the 

formation of different nanostructures. To describe the morphology and microstructure of the 

synthesized vanadium oxide, SEM was employed. SEM analysis provides detailed images 

of the sample's surface, allowing for the examination of particle shapes, sizes, and 

distribution. The crystalline pattern and particle size of the vanadium oxide were assessed 

through XRD analysis. This technique provided detailed insights into the material's 

structural characteristics and allowed for precise measurement of the particle dimensions. 

The XRD investigation was conducted with a BRUKER diffractometer consuming Cu-Kα 

radiation (λ = 1.54 Å). XRD is a crucial technique for identifying the phases present in the 

sample and measuring the crystallite size, as it provides diffraction patterns that can be 

interpreted to reveal the material's structural properties. 

 

5.2.1. Synthesis of Vanadium Oxide by solvent-thermal and microwave 

method 

To prepare vanadium oxide using both solvent-thermal and microwave methods (figure 5.1), 

2.34 grams of ammonium metavanadate (NH4VO3) is dissolved in 60 ml of ethylene glycol. 

This mixture is stirred continuously for 20 minutes at temperature range of 50-60˚C to ensure 

complete dissolution and homogeneity. After the initial stirring, the solution is divided into 

two equal parts to proceed with different synthesis methods. 
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Figure 5.1 Flow diagram of V2O5 synthesized by Solvent-thermal and Microwave method 

 

For the mechanochemical method, one part of the solution is continuously stirred for 2 hours 

at a temperature of 140˚C. This prolonged stirring at elevated temperature promotes the 

reaction and formation of vanadium oxide nanoparticles through mechanical means. 

The other part of the solution is subjected to the microwave method. Here, the solution is 

placed in the microwave oven and heated for 5 minutes at a power setting of 600 watts. The 

microwave energy rapidly heats the solution, facilitating the chemical reaction and 

formation of nanoparticles in a much shorter time compared to the mechanochemical 

method. 

Following the reaction, both solutions are filtered to separate the solid nanoparticles from 

the liquid phase. The solid products are then thoroughly washed with ethanol and de-ionized 

water multiple times to remove any unreacted starting materials and by-products. After 

washing, the nanoparticles are dried in oven at 45˚C for 30 minutes to eliminate any residual 

solvents and moisture. The final step involves calcining the dried vanadium oxide 

nanoparticles. Calcination is performed at 550˚C for 2 hours, which helps to improve the 

crystallinity and phase purity of the vanadium oxide nanoparticles. This thermal treatment 
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ensures that the nanoparticles attain the desired structural and chemical properties suitable 

for various applications. 

5.2.2. Thin film Preparation of Vanadium Oxide 

The V2O5 thin films were fabricated using by the spin coating method (steps of method are 

shown in the Flow chart as Figure 5.2), a method that allows for precise control over film 

thickness and uniformity. The process began by dissolving 0.6 grams of synthetic V2O5 

powder in 40 ml of a 5% hydrogen peroxide (H2O2) solution. This mixture was then heated 

in a water bath at a constant temperature of 70°C while being continuously stirred. Over a 

period of 20 minutes, the initially reddish-brown solution transformed into a viscous gel. 

The viscosity of the gel, which is crucial for the spin coating process, was monitored by 

observing the temperature of the water bath and the heating duration. 

 

Figure 5.2 Flow chart of fabricate V2O5 thin films based on the sol gel spin coating 

process. 

 

To create the thin films, a small amount of the viscous solution was deposited onto a glass 

substrate. The substrate was then spun at speeds ranging from 1500 to 6000 revolutions per 

minute (rpm). The spinning speed was adjusted depending on the desired thickness of the 
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film. This spinning process ensured that the solution spread evenly across the substrate, 

forming a uniform layer. Following each spin coating process, the samples were subjected 

to heating at 250°C for a duration of 10 minutes to ensure the films were thoroughly dried. 

This drying step helped to remove any residual solvents and solidify the coating. To achieve 

the desired film thickness, the spin coating and drying process was repeated six times. Each 

layer added to the previous one, gradually building up the thickness of the film. Once the 

desired thickness was achieved, the films underwent a final annealing process. The samples 

were heated at 500°C for two hours. This high-temperature treatment helped to crystallize 

the V2O5, ensuring that the films had a good crystalline structure. The annealing process also 

improved the film's overall stability and adhesion to the substrate. 

 

 

5.2.3. Gas sensing Measurement Technique  

The prepared thin film was tested for its gas sensing capabilities for three different gases: 

acetone, isopropyl alcohol (IPA), and methanol. The testing was conducted using a custom-

made sealed chamber to ensure a controlled environment. The whole system set up is as 

shown figure 5.3.  

 

Figure 5.3 Experimental setup for the gas sensing measurement 



 

 

 

 

 

90 

 

The film was inserted into this chamber, and a mass flow controller controlled the gas flow 

into the chamber to ensure accurate gas flow rates. Each of the three gases was tested on the 

sensor at room temperature. The electrical resistance of the film was measured in relation to 

its non-exposure state in order to assess its gas sensing behaviour. The film was exposed to 

acetone, IPA, and methanol gases. A precise digital multimeter (Fluke 8846 A) was used to 

record these variations in resistance. For the purpose of getting clear of any unnecessary 

gases or impurities that may have affected the test findings, argon gas was pumped into the 

chamber for five minutes before to beginning the gas sensing studies for each gas. This 

procedure allowed researchers to accurately determine the film's response to acetone, IPA, 

and methanol gases, which is essential for understanding its gas sensing properties for these 

specific gases. 

 

5.3. Result and discussion 

5.3.1. Gas sensing Measurement 

The gas sensitivity response (S) was calculated by using the formula  

𝑆 =
|𝑅𝑔𝑎𝑠− 𝑅𝑎𝑖𝑟 | 

𝑅𝑎𝑖𝑟
 ×100% 

Where, 

Rgas = Resistance in vapor environment 

Rair = Resistance in open environment 

 

As shown in the table 5.1, the comparison between the gas sensors fabricated from V2O5 

prepared via microwave and solvent-thermal techniques reveals significant differences in 

their gas response to various volatile organic compounds (VOCs) [241]. 

 

Table 5.1. Represent the response with different vapour of microwave and solvent-thermal 

method 

Sample  

Name 

Response (S) with different vapours 

Acetone IPA Methanol 

Microwave  78.94% 77.44% 32.29% 

Solvent-thermal 17.91% 11.95% 18.86% 
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The microwave-assisted gas sensor shows the most significant response to acetone, with a 

peak value of 78.94%, outperforming its responses to isopropanol (IPA) and methanol. In 

contrast, the solvent-thermal method yields a gas sensor with the highest response to 

methanol, measuring 18.87%, followed by acetone and IPA. The sensor's high selectivity 

for acetone, compared to other test vapors can be attributed to its advantageous molecular 

profile relative to other test substances. In comparison with the other test vapors, acetone 

possesses a lower ionization energy (9.69 eV), facilitating charge transfer; a moderate bond 

dissociation energy (393 kJ mol−1), balancing stability and reactivity; and a relatively large 

kinetic diameter (0.42 nm), potentially enhancing surface adsorption. This combination 

promotes preferential interaction with the V2O5 prepared by microwave method [242]. This 

indicates that the V2O5-based gas sensor prepared using the microwave method offers 

superior performance compared to the one made via the solvent-thermal approach. 

Additionally, further evaluations of the microwave gas sensor's response and recovery times 

were carried out to analyze its dynamic performance. The sensor exhibits remarkably fast 

response and recovery times across different VOCs [241]. For example, in acetone vapor, 

the sensor demonstrates the response time of 4 seconds and recovery time of 2 seconds, as 

described in figure 5.4 (a, b). Similarly, as figure 5.4 (c, d) illustrates the response and 

recovery periods in methanol vapor are 6 and 3 seconds, respectively. Figure 5.4 (e and f) 

shows the sensor's reaction and recovery times in the instance of IPA vapor, which are 12 

seconds and 2 seconds, respectively.  
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Figure 5.4 Response and Recovery time for the (a, b) Acetone, (c, d) Methanol and (e, f) 

IPA Vapour Gases. 

These results demonstrate how well the microwave gas sensor performs in comparison to 

the solvent-thermal gas sensor in terms of both sensitivity and reaction time. The microwave 

sensor's quick recovery and reaction times make it an excellent choice for real-time 

monitoring applications where fast VOC analysis and detection are crucial. 

 

5.4. Gas sensing Mechanism 

The V2O5-based gas sensors' gas detecting method is based on the way that the presence of 

the target gas changes the stability of surface chemisorbed oxygen processes. These sensors 

can be categorized into p-type and n-type semiconductors, each exhibiting distinct sensing 

behaviors towards the same detected gas. When exposed to oxidizing gases, n-type 

semiconductors experience an increase in resistance as the gas species act as acceptors, 

whereas p-type semiconductors undergo a resistance decrease. Conversely, when subjected 

to reducing gases, n-type semiconductors show a decrease in resistance, while p-type 

semiconductors display an increase in resistance due to the gas species acting as donors 

[243].  

The p-type semiconductor oxide V2O5 utilised in this sensing mechanism is part of the 

surface-controlled model, which is based on a change in the semi conductive sensor's 
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resistance carried on by the adsorption and desorption of various gaseous molecules [244]. 

As illustrated in Fig 5.5, it is expected that the adsorbed oxygen and water molecules would 

function as electron acceptors when the sensor is exposed to air, resulting in an upward band 

bending at the surface that represents an electron-depleted but hole-enriched area. 

 

 

Figure 5.5 Gas sensing mechanism of V2O5 in air and in acetone. 

 

Whereas, the conductivity increases in relation to nitrogen in a p-type semiconductor, as 

would be expected. On the other hand, in the presence of acetone, the valence band electrons 

are trapped on the surface, forming an accumulation layer of holes surrounding the p-type 

MOS core. As a result, the MOS acetone gas sensor's resistance rises [245]. 

The acetone molecules may react with O2
- to produce CO2 and H2O on the surface (reaction 

no.). This process releases electrons into the material and causes electron-hole 

recombination, which lowers the concentration of holes in the material [246]. 



 

 

 

 

 

94 

 

CH3COCH3 + 8O-  3CO2 + 3H2O + 8e- 

Therefore, when acetone is applied, the sensor resistance increases, the energy band bends 

lower as shown in Figure Acetone, and the density of absorbed O2
-decreases. In a nanometric 

material, where the surface predominates over the bulk, this phenomenon is enhanced. 
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 Chapter – 6 

Electrochemical Applications of Microwave Assisted V2O5-Graphene 

Oxide Composites 

6.1. Introduction 

The advance of renewable energy storage technologies has been driven by the exhaustion of 

fossil fuels and the growing global demand for energy. Various energy sources are used to 

produce and store energy, leading to advancements in energy storage devices [247], [248], 

[249]. Supercapacitors, known for their rapid charging and discharging capabilities, are 

particularly suitable for powering portable devices and electric cars [250]. Research in 

supercapacitors aims to identify environmentally safe, high-performance electrolytes with 

increased energy density [251]. Improved electrode materials are essential for improving 

supercapacitors' effectiveness and performance. Transition metal oxides (TMOs) are 

frequently employed in this context due to their ability to connect with various metals and 

semiconductors with tunable nanostructures and techniques [252]. However, there is a need 

for more affordable and eco-friendly alternatives to materials like ruthenium oxide [253], 

[254].  

Research on TMOs in binary and ternary compositions has shown that the addition of 

graphene oxide (GO) enhances optical and electrical characteristics [255], [256]. Combining 

iron-cobalt oxides with crumpled graphene oxide at low current densities improves specific 

capacitance and conductivity [257]. 1196.1 F/g capacitance and a 61% retention capacity 

after 4000 cycles have been obtained by wet chemical synthesis of nickel cobalt 

oxide/sulfide, whereas copper oxide electrodes in a 1 molar solution of Na2SO4 show 

improved specific capacitance [258]. GO's wide range of functional groups can serve as 

suitable sites for redox reactions, allowing different metal oxide ions to bind to its surface 

[259]. The electrochemical performance of composite electrodes can be improved by the 

complementary effects of metal ions and graphene oxide. For example, graphene/TiO2 

composites produced via atomic layer deposition show reduced specific capacitance, while 

a V2O5/graphene composite created using a laser exhibits increased specific capacitance 

[260]. The results of the current work are stable with Chen et al.'s hydrothermal techniques, 

which produced decreased GO/V2O5 with the specific capacitance of 438.5 F/g at 1 A/g 

[261]. 
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This work proposes the development of a graphene/metal oxide nanocomposite with 

enhanced rate performance. Solid connections between the matrix and nanoparticles must 

be created to maintain the structure throughout cycle performance. The electrochemical 

performance of battery is enhanced when TMOs and 2D based materials are combined as 

anode materials. Key considerations in electrode fabrication and design include the charge 

transfer rate, ion exposure surface area, and the electrode-electrolyte interface [262]. 

Improved electrochemical performance can be achieved in composites made of MXene, a 

pseudocapacitive material [263]. 

We reported on the hydrothermal production of graphene oxide (GO) nanosheets 

incorporating vanadium pentoxide (V2O5). Samples were generated with different weight 

percentages of GO (5%, 10%, and 15%), designated as VG5, VG10, and VG15, respectively. 

Electrochemical testing confirmed that these composite samples were effective electrode 

materials. The VG10 composite, in particular, demonstrated an ideal composition with a 

high specific capacitance value. V2O5 is extensively studied for supercapacitor electrodes 

because of its high theoretical capacitance, strong conductivity, long cycle life, low cost, 

and simplicity of synthesis. It was selected for this purpose [264], [265]. Its stability in 

electrolyte solutions makes V2O5 a popular choice for electrochemical energy storage 

systems. The combination of GO and V2O5 in composites has been shown to improve 

conductivity and electrochemical performance. We aimed to create graphene-based V2O5 

nanocomposites using hydrothermal process to improve the electrochemical properties of 

microwave-synthesized V2O5 with graphene oxide. 

 

6.2. Materials and methods  

Vanadium oxide was synthesized using a Kenstar microwave oven (model No. OM 20 ESP; 

1200 W), which power range from 0 to 1000 W with adjustable settings for precise control. 

The synthesis process involved NH4VO3, >99.0% and C2H6O2, both sourced from Loba 

Chemie in India. 

The synthesis procedure involved microwave irradiation synthesis, which facilitated the 

production of multiple types of vanadium oxide morphologies. Microwave irradiation 

synthesis is a technique wherein microwave energy is used to induce chemical reactions, 

offering advantages such as rapid heating, uniform heating, and enhanced reaction rates 
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compared to conventional heating methods. To produce graphene oxide from graphite, the 

Hummers technique oxidizes the graphite flakes and then exfoliates them to produce 

graphene oxide. When graphene oxide is reduced to reduced graphene oxide, oxygen-

containing functional groups are eliminated, restoring a portion of the carbon network 

characteristic of graphene. 

6.2.1. Synthesis of V2O5 microwave method 

To Prepare the Vanadium oxide nanoparticles using microwave irradiation synthesis, 80mg 

of ammonium metavanadate was dissolve in ethylene glycol, and stirred the solution 

continuously for 40 min to ensure through mixing. After this, the mixed solution was 

sonicated for 15 min to break down the aggregates and ensure the uniform distribution of 

the solute. The homogenous suspension was then transferred to a microwave container at 

600 watt for 6 min. this microwave heating step provided rapid and uniform heating, 

enhancing the reaction kinetics and promoting the formation of nanoparticles. After 

radiation, the mixture was filtered to remove the solid precursor and liquid precursor, and 

the solution was repeatedly cleaned with an appropriate solvent to get rid of contaminants. 

The washed precursor was then dried thoroughly to obtain a dry powder. For the annealing, 

dry precursor was placed in the furnace at 500˚C for 2h. This high temperature annealing 

step promoted crystallization and improved the structural properties of the nanoparticles. 

Finally the product V2O5 nanoparticles was ready to use for the further application. 

 

6.2.2. Synthesis of V2O5-GO nanocomposite  

The hydrothermal technique was employed to prepare a graphene oxide (GO) and vanadium 

pentoxide (V2O5) nanocomposite. Initially, 100 mg of V2O5 nanoparticles were suspended 

in 50 ml of deionized water, and the mixture was ultra-sonicated for 30 minutes while being 

vigorously stirred to ensure a uniform suspension. After this, varying amounts of GO (5 mg, 

10 mg, and 15 mg) were added to separate batches of the suspension, resulting in samples 

designated as VG5, VG10, and VG15, respectively. The synthesis process is illustrated in 

figure 6.1.  
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Figure 6.1 Flow chart of Synthesis of V2O5-graphene oxide composite by hydrothermal 

method. 

Each mixture was then ultra-sonicated for an additional 30 minutes to integrate the GO 

thoroughly with the V2O5 nanoparticles. After the well-mixed solutions were transferred, 

they were heated at 180°C for 8 hours in a hot air oven to facilitate the production of the 

nanocomposite in a 100 ml Teflon-lined stainless-steel autoclave. The autoclave was then 

shut. After the heating stage, the autoclave was allowed to naturally cool to ambient 

temperature. After collecting the precipitate, any contaminants were removed with ethanol 

and deionized water, and the mixture was dried for 12 hours at 80°C in an oven. 

 

6.3. Result and Discussion 

SEM analysis is required to determine the morphology and microstructure (SEM, JOEL). 

Cu-Ka radiation (⅄= 1.54) was used to analyse the crystalline structure and particle size 

using X-ray diffraction (BRUKER). Fourier analysis was used to produce FTIR spectra of 

V2O5 produced by microwave processes in the wave number range 400–4000 cm-1. At room 

temperature, use the PerkinElmer Spectrum IR Version 10.6.1 for transform infrared 

spectroscopy. For the electrochemical analysis of the prepared electrodes, the 

electrochemical workstation (METROHM) performed the CV, GCD, and EIS. 
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6.3.1. Crystallographic study   

The crystalline structure of as-synthesized samples were investigated using X-ray diffraction 

(XRD), with the diffraction patterns displayed in figure 6.2. The XRD data of the as-

prepared V2O5, graphene oxide (GO), and the VG10 nanocomposite.            

            

Figure 6.2 XRD pattern of V2O5, GO and VG10. 

 

The produced GO exhibits two strong peaks at 2θ values of approximately 11.46° and 

42.55°, consistent to the (002) and (101) planes, respectively [266]. The peak at 11.46° 

shows a high degree of crystallinity in the GO structure, while the smaller peak at 42.55° 

suggests the presence of defects and disorders within the GO. For the VG10 nanocomposite 

and pure V2O5 samples, the XRD patterns reveal distinct peaks similar the (200), (001), 

(101), and (110) planes of V2O5 orthorhombic phase [267]. These peaks align with the 

standard data from the Joint Committee on Powder Diffraction Standards (JCPDS 41–1426), 

confirming the orthorhombic V2O5 phase with space group Pmmn and lattice parameters a 

= 11.494 Å, b = 4.369 Å, and c = 3.559 Å. The absence of any impurity peaks indicates the 

high purity of the synthesized VG10 samples [268].    
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6.3.2. Morphological Study 

Figure 6.3(a-c) depict the morphology of V2O5, GO and VG10 as observed through different 

magnification SEM images. The V2O5 material consists of microspheres formed by the 

aggregation of V2O5 blocks. This aggregation results in a limited active surface area being 

exposed, which can restrict the material's overall effectiveness in applications.  However, 

when a suitable amount of graphene oxide (GO) is introduced, the morphology changes 

significantly.  

 

 

Figure 6.3 FESEM images and EDS analysis of (a, d) V2O5 microspheres, (b, e) GO 

nanosheets and (c, f) VG10 composite.  

 

In VG10, the V2O5 is no longer present in block form but is instead dispersed as nanorods. 

This morphological change, brought about by the addition of GO, leads to a substantial 

increase in the specific surface area. The dispersion into nanorods also boosts of active sites 

available within the material. These enhancements are crucial as they can significantly 

improve the material's performance in applications such as energy storage, where a more 

active sites contribute to better efficiency and effectiveness [269]. 

The EDS method was used to assess the elemental composition and concentration of the 

produced samples, as shown in Figure 6.3(c-e). Figure 6.3(c) presents the EDS spectrum of 
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V2O5, revealing a composition of 70% vanadium and 30% oxygen. Figure 6.3(d) illustrates 

the elemental distribution of GO, consisting of 52% carbon and 48% oxygen, with no 

detected impurities, representing the high purity of GO. The FTIR study confirms that the 

distribution of vanadium, oxygen, and carbon in figure 6.3(e) of the VG10 composite 

corresponds to surface functional groups containing these elements [270]. 

 

 

6.3.3. FTIR Spectra Analysis 

Figure 6.4 displays the results of FTIR spectroscopy, which were conducted to identify and 

confirm the presence of functional groups on the surface of GO [271]. The vibrational modes 

present in graphene oxide (GO) include hydroxyl groups (O–H), carbonyl groups (C=O), 

aromatic carbon-carbon bonds (C=C), carboxyl groups (COOH), and epoxy groups.  

 

Figure 6.4 FTIR spectrum of V2O5, GO and VG10 composite. 
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The peaks observed at 3300 cm⁻¹, 1744 cm⁻¹, and 1643 cm⁻¹ are associated with the carboxyl 

groups, ketone groups, and primary graphitic domains, respectively, due to the sp² 

hybridization of the carbon atoms. [272]. The band seen in V2O5 at 825, 584, and 456 cm-1 

is associated with the edge-sharing vibration and the V−O−V bending vibration, 

respectively. The V=O's terminal oxygen symmetric stretching vibration is responsible for 

the band at 1011 cm-1. The VG10 sample exhibits some small differences in spectroscopy 

and displacements of the characteristic bands at 1000, 833, and 461 cm-1, which might be 

explained by GO's interaction with the vanadyl groups of V2O5. Additionally, the GO 

spectrum displays significant differences from the VG10 spectrum, including the distinctive 

peaks of C=O at 1744 cm-1, C=C at 1639 cm-1, and C−O at 1035 cm-1. Water (H2O) 

molecules' O-H stretching vibrations are attributed to the peak at 3300 cm-1, while the 

bending of H-O-H vibrations is identified as the peak at 1624 cm-1 demonstrate that high-

quality VG thin films were produced using the sol-gel technique [273]. 

 

6.3.4. Raman Analysis  

Raman spectroscopy was used to identify the signature band for GO, V2O5 and VG10, as 

shown in figure 6.5 The VG10 sample exhibits two different types of peaks: External modes 

are defined as those that are found in the low-frequency domain area, while internal modes 

are defined as those that are found in the high-frequency domain [274]. 
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Figure 6.5 RAMAN spectrum of V2O5, GO and VG10 composite. 

 

Raman peaks at (143, 195, 284, 403, 487, 525, 700, and 995) cm−1 correspond to different 

vibration modes, were identified as orthorhombic phase of the V2O5 vibration modes [275]. 

As seen, the orthorhombic V2O5 layered structure is closely linked to 143 cm−1, the low-

frequency mode. The stretching mode of V-O is represented by the band seen at 190 cm−1. 

The bond's V=O indicate the bending vibrations associated with symmetry vibrations are 

responsible for the peaks seen at 288 and 408 cm−1, which have been confirmed by FTIR as 

well. The triple coordinated oxygen (V3-O) stretching modes linked to the vibration of Ag 

symmetry has the same Raman mode, which was discovered at 525 cm−1 [276]. The phases 

of double stretching and bending coordinate oxygen (V2-O) were associated with the peak 

at the 706 cm−1. The existence of V2O5 in the nanocomposite is shown by the band that is 

present at 995 cm−1, this is aligned with the vanadium atoms' terminal oxygen stretching 

vibration when they are double-bonded to oxygen atom (V=O). The sp2 of the graphitic 

carbon in the composite is responsible for the G band, while defects are usually responsible 

for the D band [277], [278]. 
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6.3.5. Electrochemical Measurement 

The electrochemical experiment was carried out at room temperature using a three-electrode 

setup. The working electrode for each of the three electrodes was ink-filled nickel foam, the 

reference electrode was Ag/AgCl, and the counter electrode was platinum wire. An 

electrolyte of 3M KOH was used in the experiment. The Ni foam was first cleaned many 

times using de-ionized water and ethanol to prepare electrodes, and after that it was dried in 

an oven. The active material, carbon black, and polyvinylidene fluoride (PVDF) binder were 

combined in a weight ratio of 80:10:10 to create a homogeneous paste, which was then used 

to create the working electrode. NMP (N-methyl-2-pyrrolidine) was utilized as a solvent for 

this process. The above paste was coated on Ni foam substrates in order to make an electrode 

and the nickel foam was dried at 70 °C for overnight. Using an electrochemical workstation 

(METROHM), experiments including (CV) cyclic voltammetry, (GCD) galvonostatic 

charging/discharging, and (EIS) electrochemical impedance spectroscopy were performed. 

The single electrode was tested using CV and EIS and charge-discharge characteristics were 

tested using galvonostatic charge-discharge (GCD). 

 

Cyclic Voltammetry 

The cyclic voltammetry of V2O5 and nanocomposites with graphene oxide was done using 

three electrode system. To fabricate the working electrode, Ni foam cut in the squares shape 

with the length of 1 cm. Using a microbalance, the weight of  the V2O5 and VG composites 

was calculated by comparing the deposited material in the Ni foam with the uncovered Ni 

foam [279]. The CV was carried out through in an aqueous solution of 3 M KOH electrolyte 

at scanning rates of 5, 10, 20, 40, 60, 80 and 100 mV/s in the potential window of 0 to 0.7 

V for V2O5 as shown in figure 6.6 (a) and 0 to 0.6 for the VG5, VG10 and VG15 as shown 

in figure 6.6 (b-d).  
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Figure 6.6 CV curve of (a) V2O5, (b) VG5, (c) VG10 and (d) VG15. 

 

 

The specific capacitance was evaluated by the equation no (1): 

𝑪𝒔 =  
𝑨

𝒎∗𝒔𝒄𝒂𝒏 𝒓𝒂𝒕𝒆∗𝒑𝒐𝒕𝒆𝒏𝒕𝒊𝒂𝒍 𝒘𝒊𝒏𝒅𝒐𝒘
                                                  ……………………… (1) 

Where ‘Cs’ is the specific capacitance, the area inside the curve is ‘A’ and the mass loading 

of the active component is ‘m’. For the V2O5, VG5, VG10, and VG15 electrodes, Based on 

the CV data, the specific capacitance calculate at the scan rate of 5 mVs-1 were 437, 750, 

956, and 600 F/g, respectively [280]. The data shown in figure 6.7(d) confirmed these 

findings, demonstrating that the specific capacitance rises as the scan rate decreases in mVs-

1. The anodic/cathodic reaction showed redox peaks during the electrochemical process, this 

may be connected to the ions absorbed on the electrode surfaces and their subsequent 

intercalation and deintercalation [281]. 
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The exceptional symmetry of the oxidation and reduction peaks in the CV curves indicates 

an elevated capacitance and a reversible faradaic process [282]. V2O5 provides 

pseudocapacitance, and graphene provides perfect electron conductivity. A notably high 

specific capacity is displayed by the composite [283]. Less ion migration to the carbon 

surface causes a decline in specific capacitance as scan rate rises, which is probably due to 

pores already present at the electrode's surface being inaccessible. These behaviors, which 

are often observed in all varieties of SCs, are a reflection of the porous electrode's restricted 

mass transfer kinetics [284]. 

 

 

Galvanostatic Charge/Discharge  

The behaviour of V2O5, V2O5-GO nanocomposite with the current density 1 A/g and 

potential window 0-0.8V was examined using galvanic charge discharge. The 

charge/discharge patterns of composite electrodes and V2O5 are depicted in figure 6.7(a). A 

capacitive component displays a voltage change as a result of the energy within the capacitor 

changing and a resistive component, which occurs from rapid voltage drop and indicates a 

shift in voltage produced on by internal resistance, frequently create the discharge profile. 
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Figure 6.7 GCD curve of (a) V2O5, VG5, VG10 and VG15, (b) VG10 at the different current 

density (c) Specific capacitance of VG10 as a function of current density from GCD. (d) 

Specific capacitance of pure V2O5 and Composites as a function of scan rate from CV 

curves. 

 

In addition, there is symmetric behaviour in the voltage-time curve. These nonlinear charge-

discharge curves, which have a small curvature and a virtually triangular form, show that 

the electrodes have strong capacitive qualities. The longer charge/discharge duration of the 

VG10 electrode compared to the other electrodes confirms its higher specific capacitance 

[285]. The main cause of the VG10 electrode's higher specific capacitance is the uniform 

loading of V2O5 nanorods on GO nanosheets, This results in improved electrical 

conductivity and an ion-accessible surface area that is more efficient [286]. The formula 

used to obtain the specific capacitance values analytically is given by 

https://www.sciencedirect.com/topics/chemistry/current-density
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𝑪𝒔 =  
𝑰𝒎∗∆𝒕

∆𝑽
                                                                                                  ………………(2) 

Where Im is the current, and discharge time for V2O5, VG5, VG10, and VG15 samples is 

138, 156, 295, and 216 s, with a potential window of 0.4 V for every electrode that has been 

formed. The value of the specific capacitance was determined to be (345, 390, 737 and 540) 

F/g, respectively. This data suggests that because VG10 has more active sites in the 

morphology of its wrinkles, it completes the proper usage of the active components. 

 

Electrochemical impedance spectroscopy 

As seen in Figure 6.8, the aqueous solution of 3 M KOH was examined the EIS curve at 

frequencies ranging from 1 to 100,000 Hz. The two Nyquist plot sections display a straight 

line in the low-frequency area and a semicircle loop in the high-frequency zone.  

 

 

Figure 6.8 Nyquist plots of pure V2O5 and various VG10 electrode (insets are the 

corresponding equivalent circuits).  
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This suggests, there are regional differences in the electrochemical process at 

electrode/electrolyte contacts. Showing ion diffusion resistance and the charge transfer 

resistance (Rct) respectively, are the semicircles and the linear graph. Substance intrinsic 

resistance, the contact resistance of active materials and resistance of electrolyte ionic 

combined represent the total resistance in the semicircle area, which is shown by the 

intersection with the real component (Z′) [287]. Furthermore, the VG10 composite electrode 

exhibits a smaller series resistance (Rs = 1.1Ω) than the bare V2O5 series resistance (Rs = 

5.5Ω). This can be explained by the Warburg impedance (ZW), which is caused by the 

transfer of OH- ions after the redox process. The lower frequency range of pseudocapacitive 

behavior of the electrode is shown by the vertical lines aligned with the imaginary axis (−Z″)  

[288]. 

 

6.3.6. Energy Storage Mechanism 

We investigated into the created electrodes storage processes in order to gain further 

understanding of our electrochemical studies. Three main components include charge 

storage: the first two are ascribed to intercalating (diffusion) ways and faradic surface redox 

processes, which result in pseudo-capacitive behaviour. At the same time, the third element 

is connected to interfacial effects, which are ascribed to the development of an EDL (electric 

double layer). The connection between the CV peak current (i) and scan rate (v) was 

investigated to understand the contributions from equations 3 and 4. 

𝑖 = 𝑎𝑣𝑏                                                                                          ……………………… (3) 

log(𝑖) = log(𝑎) + 𝑏log(𝑣)                                                           .……………………… (4) 

According to published reports, a 'b' value of 1 denotes pseudocapacitive behaviour, A 

diffusion-controlled mechanism similar to a battery is indicated by a value of 0.5 [289]. As 

can be seen in figure 6.9(a), the anode peaks of VG10 show "b" values 0.66 respectively. 

These result demonstrate that the specific capacitance of VG10 electrode are affected by 

both diffusion-controlled and pseudocapacitive behaviour. The percentage of these two 

contributions may be studied from the CV curves and equations (5 and 6)  [290]. 
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𝒊(𝑽) =  𝑲𝟏𝒗 + 𝑲𝟐𝒗𝟏 𝟐⁄                                                                       ……………………… (5) 

 

𝒊(𝑽)

𝒗𝟏 𝟐⁄
= 𝑲𝟏𝒗 𝟏 𝟐⁄ + 𝑲𝟐                                                                        ……………………… (6) 

The tuneable values measure for the K1and K2 are obtained by using the y-axis and slope 

of curves between "iv-1/2" and "v1/2." The "K1ν" and "K2ν1/2′" are the elements that indicate 

diffusion-controlled behaviour and capacitive behaviour, respectively. 

 

Figure 6.9 (a) the graph of relationship between the log of the peak current and the log of 

the scan rate of VG10 for the anodic peaks. (b) Percentage of diffusion contribution by VG10 

at different scan rates. (c) The distribution of percentage contributions from capacitive and 

diffusion currents at a fixed scan rate of 10 mV/sec of VG10. 

 

Figure 6.9(b) displays the fractions that represent the battery-type behavior of VG10. The 

diffusion contributions for VG10 are 78%, 71%, 64%, 59%, 50%, 47%, and 41% for scan 

rates of 5-100 mV/sec, according the above figures. A larger frequency of interaction 

between the electrolyte ions and at a lower scanning rate the electrode materials leads to a 
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significant output from faradaic interactions. However, Charge storage usually happens 

through non-faradaic mechanisms at faster scan rates because there is an ion of electrolyte 

for less time to interact with the materials of the electrode. The CV for VG10 electrode 

materials obtained at the scan rate of 10 mV/sec are shown in figure 6.9(c). The CV curve 

in red represent the current ascribed to diffusion kinetics, while the shaded CV curve in 

black constitute the current contribution from the capacitive kinetics. Therefore, it is visible 

from the above results that the battery-type (diffusion) mechanism of the V2O5 is 

significantly improved by the addition of GO. 
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Chapter: 7 

Summary and Conclusion 

 
The urgent need for alternative energy sources has become increasingly apparent in today's 

world. As we deplete our natural resources, it is imperative to explore sustainable and 

renewable alternatives. Energy storage systems play a pivotal role in harnessing the power 

of these renewable sources, ensuring a steady and reliable supply. 

Supercapacitors stand out as promising energy storage devices due to their exceptional 

properties. Unlike traditional batteries, they boast a long cycle life, lightweight design, small 

footprint, and high power density. Their ability to be rapidly recharged makes them ideal for 

applications demanding quick bursts of energy. Metal oxide-based nanostructured materials 

and nanocomposites have garnered significant attention for their potential to enhance the 

performance of supercapacitors. These materials possess a high specific surface area, 

making them excellent candidates for electrode materials in electric double-layer capacitors 

(EDLCs). This study focused on doping graphene oxide with vanadium oxide to optimize 

the electrode material for supercapacitor applications. By modifying the chemical properties 

and band gap of graphene oxide through doping, the researchers aimed to significantly 

increase capacitance. This combination of double-layer and pseudocapacitance mechanisms 

resulted in a highly efficient and promising energy storage device. 

In chapter 4, the electrode materials of V2O5 were successfully synthesized using 

hydrothermal, mechanochemical and microwave methods, allowing for a detailed 

comparison of their electrochemical properties. The synthesis of V2O5 was confirmed 

through comprehensive characterization techniques including XRD, FTIR, and SEM. These 

methods provided evidence of the formation and structural integrity of the V2O5 materials. 

The electrochemical characteristics of the synthesized V2O5 were thoroughly investigated 

using several advanced techniques. CV was employed to analyze the redox behavior and 

capacitance of the materials. GCD measurements were conducted to assess the charge 

storage capacity and cyclic stability of the electrodes. EIS was utilized to examine the charge 

transfer resistance and overall conductivity of the materials. The results from these 

electrochemical tests revealed significant differences the V2O5 synthesized by the 

hydrothermal, mechanochemical and microwave methods. The V2O5 produced through the 

microwave method displayed remarkably higher specific capacitance values, approximately 

twice those of the V2O5 synthesized via the hydrothermal and mechanochemical method. 
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Additionally, the V2O5 prepared by the microwave method demonstrated superior pseudo-

capacitive behavior, indicating better performance in terms of energy storage and release. 

The study's findings highlight the benefits of the microwave method for producing V2O5 

with enhanced electrochemical properties. The improved performance is attributed to the 

optimized structural and morphological characteristics of the microwave-synthesized V2O5, 

which likely contribute to better ion diffusion and electron transport during electrochemical 

processes. 

In chapter 5, we extensively investigated the gas sensing capabilities of pure V2O5 

nanoparticles for detecting acetone, isopropanol (IPA), and methanol vapors. These 

nanoparticles were synthesized using two distinct techniques: microwave irradiation and 

solvent-thermal methods. Both synthesis methods yielded samples that displayed a well-

defined crystalline structure characterized by an orthorhombic phase. The performance of 

gas sensing for the V2O5 nanoparticles was evaluated by measuring their response and 

recovery times when exposed to acetone, IPA, and methanol vapors. The response time and 

the recovery times for acetone vapor were found to be 4 seconds and 2 seconds, respectively. 

For IPA vapor, the response and recovery times were 12 seconds and 2 seconds, while for 

methanol vapor, they were 6 seconds and 3 seconds, respectively. Among the three vapors 

tested, the acetone vapor gas sensor demonstrated the most favourable sensing response, as 

well as the fastest response time and recovery times. This superior performance was 

observed in the sensor fabricated using V2O5 nanoparticles synthesized via the microwave 

technique. The comparison between the two syntheses methods revealed that the 

microwave-synthesized V2O5 nanoparticles provided a more effective gas sensor than those 

produced using the solvent-thermal method. The improved selectivity of the microwave gas 

sensor for acetone is due to the carbonyl group present in acetone. This group is polar and 

has a greater dipole moment compared to the functional groups found in methanol and IPA. 

This increased polarity likely facilitates stronger interactions with the V2O5 sensor material, 

leading to improved sensing performance. 

This research presents a comprehensive study on the hydrothermal synthesis of V2O5/GO 

nanocomposites. A combination of advanced analytical techniques was employed to 

thoroughly investigate the phase composition, elemental content, and morphological 

distribution of the synthesized materials. X-ray diffraction (XRD) analysis confirmed the 

successful formation of both pristine V2O5 and V2O5/GO nanocomposites. Further evidence 
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was provided by scanning electron microscopy (SEM), which visualized the morphology 

and distribution of V2O5 and GO within the nanocomposites. To assess the electrochemical 

performance of the V2O5/GO nanocomposites, a series of tests were conducted. Cyclic 

voltammetry (CV) was used to study redox behavior and capacitance, while galvanostatic 

charge-discharge (GCD) measurements evaluated charge storage capacity and cyclic 

stability. Electrochemical impedance spectroscopy (EIS) provided insights into charge 

transfer resistance and overall conductivity. 

The results from these tests demonstrated a significant enhancement in the electrochemical 

properties of the V2O5/GO nanocomposites compared to pristine V2O5. The optimal 

integration of graphene oxide (GO) led to remarkable capacitance retention and a high 

specific capacitance of 737 Fg-1. These findings underscore the potential of V2O5/GO 

nanocomposites as promising electrode materials for next-generation energy storage 

systems. 
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Future Scope 

The following outlines the challenges and possible benefits of using graphene 

with vanadium-based nanocomposites for supercapacitor applications. 

1. Novel Synthesis Methods: 

 

 Pursue innovative synthesis techniques to optimize the electrochemical and gas-

sensing properties of V2O5. Explore methods that can control the size, shape, and 

morphology of V2O5 nanostructures, leading to enhanced performance. 

 Investigate alternative precursors or reaction conditions to tailor the properties of 

V2O5 for specific applications. For example, using different solvents or surfactants 

during synthesis can influence the crystal structure and surface chemistry. 

2. Enhanced Gas Sensing Performance: 

 

 Prioritize research on improving the sensitivity and selectivity of V2O5-based gas 

sensors. Develop strategies to enhance the sensor's response to target gases while 

minimizing interference from other components in the environment. 

 Explore novel fabrication methods to create more sensitive and selective gas sensing 

devices. Consider techniques like 3D printing or atomic layer deposition to engineer 

unique structures and optimize gas diffusion pathways. 

 Integrate V2O5 with other sensing elements to create hybrid sensors with enhanced 

capabilities. Combining V2O5 with materials that exhibit different sensing 

mechanisms can broaden the detection range and improve overall performance. 

3. Optimization of V2O5-GO Composite Electrodes: 

 

 Conduct in-depth studies on the composition and structure of V2O5-GO composite 

electrodes. Investigate the effects of varying V2O5 and GO content on 

electrochemical properties, stability, and compatibility with different electrolytes. 

 Explore different GO modification strategies to optimize its interaction with V2O5 

and enhance the overall performance of the composite electrodes. For instance, 



 

 

 

 

 

116 

 

functionalizing GO with specific groups can improve its conductivity or affinity for 

V2O5. 

 Investigate the stability and compatibility of V2O5-GO composites with various 

electrolytes and device architectures. Evaluate their performance in different 

operating conditions and identify potential challenges or limitations. 

4. Advanced Characterization Techniques: 

 

 Utilize a wide range of characterization techniques to gain a comprehensive 

understanding of the crystal phases, morphology, and composition of V2O5 and its 

composites. Techniques such as X-ray diffraction, transmission electron microscopy, 

and Raman spectroscopy can provide valuable insights into the structural and 

electronic properties of these materials. 

 Employ advanced analytical tools to accurately characterize the gas sensing and 

electrochemical properties of V2O5-based materials. This includes techniques like 

impedance spectroscopy, gas chromatography, and mass spectrometry. 

 Correlate the results from characterization techniques with the observed performance 

of V2O5-based devices to establish structure-property relationships and guide future 

research efforts. 
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