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Abstract 

Monitoring and documenting chemical stimuli or environmental fluctuations is vital to daily 

health care and environmental monitoring. This objective can be accomplished through the 

development of high-performance sensors able to detect toxic gases such as ammonia, volatile 

organic compounds (VOCs) and many more. The modification of carbon nano-onions with 

metal oxides/conducting polymer could enhance sensing performances at room temperature. 

This research focuses on the development of a flexible room temperature gas sensor for am-

monia sensing with a sensing layer composed of indium oxide (In2O3)/onion-like carbons 

(OLCs)/ polyaniline (PANI). The current sensors were tested at a 40-45 percentage humidity. 

Polyaniline was produced utilizing the rapid polymerization technique with aniline and ammo-

nium persulfate as precursors. Carbon nano-onions were obtained by the flame pyrolysis pro-

cess with candle wax as the carbon source. The present study compared two microwave-as-

sisted solution-phase methods for the synthesis of indium oxides. The first methods produced 

indium hydroxide (In(OH)3) followed by its conversion to In2O3 through annealing at 400 oC, 

and the second used a one-step method where ethanol was used as a solvent instead of water.  

Different reaction times were used to determine the effect of microwave power on the indium 

oxide formed through a solution-phase method, and several characterizations techniques were 

performed to characterize the products, including transmission electron microscopy, X-ray dif-

fraction, Fourier transform infrared spectroscopy, Raman spectroscopy, scanning electron mi-

croscopy, Brunauer-Emmett-Teller, X-ray photoelectron spectroscopy and Ultraviolet-visible 

spectroscopy. 

The ternary In2O3/PANI/OLCs nanocomposite was fabricated using physical mixing by adding 

varying amounts of In2O3 to fixed quantities of PANI and OLCs. Using gold-plated interdigi-

tated electrodes (IDEs) embedded on a printed circuit board (PCB) substrate, inexpensive and 

room temperature functional sensors based on plain PANI, OLCs, OLCs/PANI, and 

OLCs/PANI/In2O3 were developed. The sensors based on ternary composites outperformed of 

sensors based on pure PANI, OLCs, and PANI/OLCs, due synergic effect of PANI, OLCs and 

In2O3 when combined. The sensor with the highest response among the sensors with the ternary 

nanocomposite as the sensing layer, was chosen for further evaluations of recovery time, reac-

tion time, repeatability, and selectivity. The sensor containing (4.6 mg) B-In2O3/PANI/OLCs 

was particularly responsive to ammonia in comparison to other analytes (hexane, isopropanol, 
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and acetone), with the response and recovery durations of 2.2 minutes and 4.3 minutes, respec-

tively, spanning a concentration range of 25 ppm to 125 ppm. Current results showed that In2O3 

materials can be successfully applied in room temperature gas sensing application and further 

enhance the sensing response to levels that cannot be obtained when using PANI or OLC indi-

vidually. 
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CHAPTER 1 

INTRODUCTION 

1. Introduction 

1.1.1 A concise summary of the study 

As a result of expanding industrialization and urbanization, the globe is facing severe air pol-

lution, as shown by the increasing massive volumes of hazardous and poisonous gases being 

released into the atmosphere, these pollutants include toxic fumes like CO, SO2, NO2, H2S, 

NH3, and volatile organic compounds (VOCs) including benzene, toluene, ethanol, acetalde-

hyde, and formaldehyde, to mention a few. For example, an estimated 3.8 million individuals 

each year suffer from serious diseases that can be deadly and are caused by air pollution [1]. 

Furthermore, home pollution is responsible for about 20% of cardiovascular fatalities and 20% 

of stroke deaths [1]. Poisonous gases can harm the respiratory tract and may even be detri-

mental to the neurological and immunological systems [1, 2]. 

Extreme air pollution, in particular, can cause changes in lung surfactant composition and lung 

damage, leaving individuals more prone to illnesses like COVID-19 [3]. As a result, air pollu-

tion has emerged as a major worldwide issue, causing numerous health organizations to estab-

lish short-term exposure limits (STELs) for different hazardous and VOC gases [4, 5]. Further-

more, to limit the possible harm to human health, pollutant gases in the air must be continually 

monitored using sensitive and dependable electronic instruments. Hazardous gas monitoring is 

becoming increasingly essential in several industries such as mining, outdoor and indoor air 

quality monitoring, and public safety, among others. Optic, auditory, gas chromatography, 

chemilluminescence ion chromatography, and spectrophotometry are all methods for detecting 

toxic gases. [6]. However, the technologies outlined are inefficient, difficult, and unsuitable for 

extensive, continuous gas monitoring. 

Gas detectors, also known as gas sensors, are electrical devices that detect and identify different 

gases and converts chemical data to a useful analytical signal in a systematic manner [7]. A gas 

sensor typically consists of two functions: the receptor function, which identifies or recognizes 

a chemical substance, and the transducer function, which converts the chemical signal to the 
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sensor's output signal [8]. An ideal gas sensor requires high receptivity, high selectivity, quick 

response/retrieval, high stability/repetitiveness, room temperature operation, cheap cost and 

convenient manufacturing [9]. 

In 1952, Brattain and Bardeen demonstrated that certain semiconductor materials vary their 

resistivity depending on their surroundings, which led to the first use of metal oxides as 

chemiresistive gas sensors [10]. Metal oxides (MOx) such as TiO2, WO3, SnO2, ZnO, In2O3, 

just to mention a few, have been frequently utilized as gas sensors because of their structural 

stability, low cost, and ease of integration. MOx as gas sensors has several drawbacks, which 

include a lack of selectivity and flexibility, and the need for high working temperatures (over 

200 degrees Celsius) [9, 10, &11]. High working temperatures can result in massive power 

consumption, safety risks, and short shelf life. Considerable attempts have been made to de-

velop gas sensors that function at normal temperature to overcome the challenges that metal 

oxide-based gas sensors have displayed to address this, carbon nanomaterials (e.g. carbon 

nanotubes, carbon dots, carbon nano onions, etc.), and conducting polymers (CP) (e.g. poly (p-

phenylene vinylene), polypyrrole, polyaniline, etc.) are commonly used to produce superior 

sensing features such as increased sensitivity and room temperature operation. [12 &13]. 

Conducting polymers, due to their outstanding electrochemical and electrical characteristics, 

the low-cost advantages and lengthy stability and ease of production, are highly considered for 

efficient gas sensing technology [14]. The performance limitations such as limited sensitivity, 

sluggish response and recovery, poor thermal stability and selectivity also restrict the use of 

CPs as sensing layers [15]. Interestingly, scientists proved that nanocomposites of poly-

mers/metal oxides may not only minimize polymer flaws or metal oxide flaws but they can 

also increase sensitivity, heat stability and reaction rate efficiently. The charge transfer mech-

anism is used to enhance sensing between MOx and CP, with CP replacing the inorganic com-

ponents of MOx [16, 17]. 

Carbon nanomaterials provide a plethora of options for improving gas sensing properties due 

to their distinct electrical, catalytic, mechanical, and optical capabilities, making them promis-

ing candidates for the evolution of a new generation of low-power consumption, downsized, 

and wearable sensors [18]. This could potentially lead to the development of room-temperature 

operated gas sensors capable of detecting traces of various air pollutants [19]. 
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Metal oxide nanomaterials have been synthesized utilizing a variety of methods, including va-

pour phase deposition, sol-gel, and microwave aided hydrothermal synthesis, and chemical 

vapour deposition [20]. Microwave synthesis has gained popularity in the synthesis of nano-

materials; it has an advantage over traditional methods due to the short reaction times caused 

by the combination of electrical and magnetic forces present in microwave radiation, which 

causes abrasion and collision of particles within the material [21-23]. Another benefit of mi-

crowave synthesis is that the material is heated uniformly, resulting in consistent nucleation 

and rapid crystal formation, resulting in a limited size product dispersion [23]. 

The most often utilized synthesis methods for CPs are rapid mixing polymerization, electro-

chemical technique, interfacial polymerization, and soft/hard template conducting polymers. 

Some of these techniques, however, have apparent disadvantages, such as post-treatment for 

template removal, time-consuming parameter settings, limited manufacturing yield, poor con-

trol of morphology/size homogeneity, and generally entail severe conditions [24-26]. As a re-

sult, the rapid mixing method has received increasing attention due to its environmental friend-

liness, use of common solvents such as water, large-scale manufacturing, and ability to provide 

control over their sizes, morphologies, and forms [27]. 

The chemical vapour deposition method and flame pyrolysis method, are two extensively used 

techniques for carbon synthesis nanomaterials (especially carbon nano-onions) [28]. Flame py-

rolysis is preferred since it does not require the use of a catalyst, it uses flammable hydrocar-

bons as carbon sources to create carbon materials in the gram scale (e.g., wood fibre, diesel, 

lycopene (from tomato), and petrol (gasoline) [29-30]. 

A ternary nanocomposite containing various amounts of indium oxide, fixed amounts of poly-

aniline, and carbon nano-onions were prepared and employed as gas sensing layers for the 

detection of ammonia and a few volatile organic chemicals in this work. When compared to 

sensors that simply use metal oxides, the working capacity of the sensors should be enhanced. 

Furthermore, the efficacy of the products as sensing layers was examined using an alcohol 

enhanced reduction approach for indium oxide production and a conventional process that gen-

erally requires annealing. 
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1.2 Aim of research 

 The goal of this research was to synthesize a ternary nanocomposite consisting of polyaniline, 

indium oxide, and carbon nano-onions that can detect ammonia and a few other volatile organic 

compounds at normal temperatures. 

1.3 Objectives of the research 

 To prepare polyaniline nanostructures utilizing the rapid polymerization technique. 

 To synthesize indium oxide nanoparticles using a microwave-assisted hydrothermal 

technique, with a special focus on the ethanol enhanced reduction method of synthesis. 

 To make carbon nano-onions using the flame pyrolysis process. 

 To create ternary nanocomposites of polyaniline, indium oxide, and carbon nano-on-

ions, for room temperature gas detection application. 

 To characterize the synthesized materials using various techniques, which include XRD 

(X-ray diffraction), UV-Vis (Ultra Violet-visible spectroscopy), TEM (transmission 

electron microscope), EDS (energy dispersive X-ray), SEM (scanning Electron micros-

copy) FTIR (Fourier transform infrared spectroscopy), and BET (Brunauer-Emmett-

Teller). 

1.4 Dissertation outline 

Chapter 1: provides a synopsis of the research and its justification. It also describes the goals 

and objectives of the study. 

Chapter 2: A comprehensive overview of relevant literature on Indium oxide, polyaniline, 

onions like carbon and their ternary nanocomposite applications for room-temperature gas de-

tection. 

Chapter 3: focuses on the microwave-irradiation procedure for the preparation and character-

isation of indium oxide from different solvents (water and ethanol). The characteristics of in-

dium oxide produced in various solvents are compared in this section and it also concentrates 

on the fabrication and applications of polyaniline by the rapid polymerization technique. 

Chapter 4: Describes the synthesis and characterization of onions like carbon through flame 

pyrolysis method. 



 

 
5 

Chapter 5: focuses on the fabrication of a gas sensor for room temperature gas detection as 

well as the synthesis of ternary nanocomposite comprised of variable amounts of In2O3 and 

fixed amounts of PANI and OLC. 

Chapter 6: Provides broad conclusions and future suggestions based on the findings concern-

ing the study's goals and objectives. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Introduction (Overview) 

2.1.1 What are nanomaterials?  

Nanomaterials are described as materials with at least one dimension of fewer than 100 nano-

metres. One millionth of a millimetre, or ten thousand times less than the diameter of a human 

hair, is a nanometre. Nanomaterials are intriguing because of their remarkable optical, mag-

netic, electrical, and other characteristics develop at the nanoscale. These characteristics have 

the potential to make a significant effect in electronics, medicine, and other disciplines [1]. 

2.1.2 The Dimensional Classification of Nanomaterials 

Nanomaterials are available in a variety of sizes, including zero, one, two, and composites 

(Figure 2.1). They come in spherical, tubular, and irregular shapes and can be solitary, fused, 

aggregated, or agglomerated. Nanotubes, dendrimers, quantum dots, and fullerenes are 

examples of common nanomaterials. [2]. 

 

 

 

 

 

 

 

 
Figure 2.1 Dimensions of nanomaterials 
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As shown in the diagram above, various modulation dimensions can be used to create nano-

materials: zero (atomic clusters, filaments, and cluster assemblies), one (multilayers), two (ul-

trafine-grained over layers or buried layers), and three (ultrafine-grained over layers or buried 

layers) (Nanophase materials consisting of equiaxed nanometre-sized grains) [3]. 

2.1.3 Synthesis of nanomaterials 

 Nanomaterials can be synthesized via two major methods (Figure 2.2); the top-down strategy 

(in which large materials are segmented) and the bottom-up approach (small molecules or at-

oms are mixed to create nanomaterials) [4]. These approaches encompass a variety of synthesis 

processes and fall into four distinct categories: chemical, physical, mechanical, and biological. 

Typical top-down techniques include high-energy ball milling, severe deformations, etching, 

dynamic alloys, lithography, dynamic milling, and micromachining. Bottom–up synthesis 

techniques include sol–gel, chemical, spinning, and CVD [5]. Nanomaterials have unique phys-

icochemical features that have garnered considerable attention in a variety of applications, of 

which few are discussed below: 

 

 

 

 

 

 

 

 

 

i. Catalysis 

Catalysis is the pioneering use of nanoparticles. For many years, several elements and materials 

such as aluminium, iron, titanium dioxide, clays, and silica have been employed as nanoscale 

catalysts. Nano catalysis has risen to prominence in recent years as a result of its increased 

Figure 2.2 Synthesis of nanomaterials [6] 
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activity, selectivity, and efficiency. Small metal nanoparticles with sizes ranging from 1 to 10 

nm demonstrate exceptional catalytic activity, sometimes outperforming the equivalent metal 

complexes. The high activity of Nano catalysis is related to several critical variables, including 

a high specific surface area ratio, surface geometrical effect, electronic effect, and quantum 

size impact [7]. 

ii. Water treatment  

The use of nanomaterials in treating wastewater has received a lot of interest lately. Nano-

materials have high adsorption capabilities and reactivity due to their tiny sizes and hence 

huge specific surface areas. Heavy metals [8], organic contaminants [9], inorganic anions 

[10], and microorganisms [11] have all been effectively eliminated from waste water by 

different nanomaterials [12]. 

iii. Sensors 

The creation of a diverse range of nanomaterials has prepared the path for their use in the 

construction of high-performance electrochemical sensing devices. The use of nanomateri-

als in gas sensing has many advantages, including high surface-to-volume ratios, high ad-

sorptive power, and high reactive capacity. Their broad surface areas improve catalytic and 

sensing responsiveness by enabling analyte molecules to pass quickly through the material 

[13]. Furthermore, by minimizing dynamic range and/or confining structures in a certain 

crystallographic direction, the physical, catalytic, and electrical properties of nanomaterials 

can be easily tuned [14]. 

2.2 Gas Sensor 

Gas sensors detect the presence and quantity of a variety of toxic gases and vapours, including 

poisonous or explosive gases, volatile organic compounds (VOCs), humidity, and odours [15]. 

2.2.1 Characteristics of gas sensors 

Sensitivity (S) is frequently stated as Ra/Rg for reducing gases and Rg/Ra for oxidizing gases, 

wherein Ra refers to the resistance of gas sensors in the standard gas (usually air) and Rg refers 

to the resistance of gas sensors in the test gas [16]. Selectivity is described as a sensor's capacity 

to distinguish or precisely respond to a certain gas among a variety of other gases. Selectivity 
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is generated by the slope of S (%) versus gas concentration (Cg). The responsiveness of a sensor 

is defined as the time required to achieve 90% of its entire response, such as resistance, after 

being exposed to the target gas is known as response time [17]. Recovery time is defined as the 

time required for a sensor to return to 90% of the original baseline signal upon removal of the 

target gas [18]. Reversibility is described as a sensor's output signal's capacity to recover to its 

initial baseline following gas cut-off. Repeatability is a measurement of the similarity of two 

or more sensor batches or the ability of a sensor to consistently provide the same output signal 

for the same gas concentration [19; 20]. 

2.2.2 Chemiresistive gas sensor 

Chemiresistors are conductive materials having an intrinsic resistance or conductance that may 

alter in reaction to changes in the surrounding environment's chemical properties [20]. The 

principle of chemiresistive type sensors is controlled by changes in the sensing entity's re-

sistance value in a chemical environment [21]. Tuning of the sensing elements' resistance is 

dependent on the structure and type of the target gas employed. In chemiresistive gas sensors, 

metal oxides, conducting polymers, and carbon-based materials have been utilized as sensing 

layer materials. Metal oxide compounds and their geometric models have been widely re-

searched as sensing layers over the last few decades [22; 23].  

In2O3, ZnO, MoO3, ZrO2, Fe2O3, as well as several others, because of their tuneable transport 

properties, have been utilized as sensing elements in chemiresistive sensors. Micro-heaters are 

commonly used in combination with these sensing elements to enhance the sensing response 

[24]. The elevated operational temperatures of these sensors results in reduced dependability 

over time. One of the difficulties in establishing the reliability of sensors in the nanoscale re-

gime is the development of inner grains of sensing elements at elevated operating temperatures 

[25]. To maximize one's potential, including lengthy reliability, it is critical to design a room 

temperature controlled gas sensor by employing nanostructured materials to reduce working 

temperatures; for less power consumption and safer operation [26]. 

2.2.3 Gas sensing mechanism  

Gas-sensing responses are acquired by measuring the time-dependent variation in the film’s 

resistivity as a consequence of the target gas concentration. When exposed to reducing/oxidiz-

ing gas, the film resistance value changes and eventually returns to its original condition when 
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the desired gas flow is ceased. The gas sensing response is a result of both simple diffusion of 

test gas molecules onto the sensing films and the electron capture/donation procedure of the 

polymer matrices engrained with inorganic nanoparticles, which is assisted by intersection ef-

fects at the conducting polymer-inorganic/organic integrations [27]. 

Depending on the nature of the organic or inorganic nanoparticles implanted in the conducting 

polymer matrix, a Schottky heterojunction (P-N) is produced at the boundaries of the conduct-

ing polymers and nanoparticle interface [28]. The interaction of the targeted gas molecules with 

the nanocomposite film surface causes the polymers to lose or gain electrons, resulting in a 

change in the breadth of the depletion zone, which might limit or broaden the polymers' con-

ductive route. 

Due to the low content of metal oxide nanostructures in conducting polymers, typically be-

tween 0.1 and 10 % by mass, the resistivity of nanocomposite films is mostly governed by the 

carbon material/conducting polymer composition. The increased sensitivity of the nanocom-

posite films towards the target analyte is due to the synergistic effects of the altered conductiv-

ity and conductive routes of the polymers in the nanocomposite films [28; 29]. 

The adsorption and desorption of interfacial oxygen species is widely acknowledged as the 

mechanism by which n-type semiconductor metal oxides such as Fe2O3, MnO2, ZnO, SnO2, 

and In2O3 sense gases. The oxygen molecules in the air absorb charge carriers when they adsorb 

on the surface of n-type semiconductor metal oxides, forming chemisorbed oxygen species (O2
-

, O2 
-2, and O-2) as a result of the charge capture, a depletion zone forms on the surface of the 

semiconductor metal oxide [30].  

When analyte vapour molecules interact with surface oxygen species, induced sorption from 

the surface occurs, allowing captured electrons to be injected back into n-type semiconductor 

metal oxides and decreasing the resistance of the n-type of semiconductors. The supply of ox-

ygen placed on the surface of the semiconductor metal oxide also has an effect on response 

characteristics; a substantial amount of oxygen adsorbed on the surface allows for further sur-

face reactions [31].In general, the behaviour of p-type conductance is caused by the covering 

of the sensing materials' surfaces with oxygen chemisorbed from the environment. Adsorbing 

oxygen molecules absorb electrons and ionize them, resulting in the formation of a hole accu-

mulation layer [31; 32]. When detecting materials are subjected to a reducing gas (e.g. NH3), 

the analyte gas reacts with the surface oxygen species on the basis of transfer of electrons from 
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the reacting analyte vapour to the detecting materials [32-34]. The electrons introduced into 

the sensing materials recombine with the vacancies, resulting in a decrease in charge carrier 

concentration and an increase in sensing material resistivity. 

During sensing, it is common to see that n-type sensing materials behave similarly to p-type 

sensing materials and conversely. Temperature or concentration variations can both encourage 

such changes. At high temperatures, n-type sensing materials converts to p-type, according to 

Hao et al. [35]. The reason for this is that the adsorbed oxygen species are O2 species at low 

temperatures. However, O2
- and O-2 species coexist at high temperatures, and these oxygen 

species can grab more electrons than those at low temperatures [36; 37].  

 

 

 

 

 

 

 

Xue et al reported sensing based on temperature behaviour of Pt@SnO2 nanoribbon as the 

sensing material [38]. They discovered anomalous p-type conductivity at low temperatures. 

Nonetheless, at a temperature of 300 degrees Celsius, the anticipated n-type conductivity was 

found; nevertheless, this unexpected p-type behaviour was elucidated [38; 39]. As a result, not 

only did a change in temperature create an unusual finding, but so did a change in analyte 

vapour concentration. According to Siciliano et al. [39], the conductivity of sensing materials 

changes from n-type at low concentrations to p-type at high concentrations depending on the 

concentration of the analyte. In general, the sensing process entails complete oxidation to car-

bon dioxide and water. The following are the hypothesized reactions of oxygen molecules with 

ethanol. 

 

Figure 2.3 Graphical illustration of P and N, type sensing behavior [37] 
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2.2.4 Metal oxides as gas sensors 

 The ability to manage the physiochemical properties of metal oxides (MOx) is the foundation 

of modern intellectual and functional materials and technologies. Many chemical and structural 

factors influence the functional qualities of MOx; chemical composition, structural defects, 

shape, size distribution, and surface area, to name a few. In terms of physics and materials 

science, MOx is the most diverse family of materials. It has features that cover almost every 

area of physics and materials science in the fields of semiconductivity, superconductivity, fer-

roelectricity, and magnetism [40]  

The modification of any of these features enables control of their attributes. Sensing materials 

for semiconductor gas sensors include SnO2, ZnO, In2O3, tungsten trioxide (WO3), CdO, TiO2, 

and various MOx [41]. They are classed as translucent conductive oxides due to a unique col-

lection of functional properties, the most notable of which include electrical conductivity, opac-

ity over a broad range of spectral ranges, and a high degree of surface reactivity. Nonetheless, 

challenges with using metal oxides as gas sensors are the lack of selectivity, flexibility and use 

of high operating temperatures (more than 200 ̊C). High operating temperatures may lead to 

enormous power consumption, safety hazards and compact shelf life [41-43]. 

2.2.5 Indium oxide 

 In2O3 (Indium oxide) is an n-type semiconductor with a direct band gap of 3.5–3.7 eV and an 

interband gap of 2.6 eV [44]. It is complicated cubic bixbyite architecture is produced from an 

arrangement of empty tetragonal oxygen anion positions. The n-type semiconducting charac-

teristic of In2O3 is owing to stoichiometric composition variations, and extra indium atoms or 
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oxygen vacancies can act as donors. In2O3 can exist in three distinct phases, which are distin-

guished by space group symmetries I213, R3, and Ia3 (crystal structures figure 2.4); I213 and 

R3 are rarely studied [45]. The cubic lattice of In2O3 has the Ia3 space group; the unit cell 

contains 16 formula units and 80 atoms [46]. The crystal's atoms create a layer structure com-

prising layers that alternate of indium and oxygen atoms. Each unit cell is made up of four 

layers of oxygen atoms and four layers of indium atoms [47].  

 

   

 

 

 

Indium oxide-based materials are currently being used in electro-optic modulators, such as 

window heating systems, solar panels, electrochromic lenses and flat-panel displays in the elec-

tronic industry. In contrast, indium oxide-based nanostructures are appealing device materials 

for chemical sensors and building blocks for future Nanoelectronics [48]. Metal oxide nano-

particles' possible technological uses have piqued the curiosity of scientists in material science, 

health, agribusiness, computer technology, biomedical, photonic, gas sensing, catalysis, cli-

mate, and energy [49; 50]. Several synthetic techniques have been established for synthesizing 

MOx nanomaterials methods include:  

i. Sol-gel 

 

A homogeneous solution of fine materials in a fluid solution is what this is. This gel is 

composed of a tiny solid molecule suspended in a liquid solution. Because of its simplicity, 

the sol-gel method, a wet procedure in which chemical regents are used as precursor mol-

ecules for nanoparticle synthesis, is commonly used for nanoparticle production. Heating, 

accompanied by stirring, shaking, or sonication, disperses these metal oxides and chlorides 

Figure 2.4 Crystal structure of (a) I213, (b) Ia3 and R3 

[43] 
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in liquid medium [51]. The resulting mixture contains both solid and liquid phases. Sepa-

ration of the nanoparticles is accomplished using a variety of techniques, including centrif-

ugation, filtration, and sedimentation [52]. 

 

 

ii. Chemical vapour deposition (CVD) 

 

This method is based on the deposition of gaseous molecules on a solid substrate at an 

optimal temperature in a reaction compartment. When gaseous molecules come into touch 

with the heated substrate, the reaction begins [53]. This process offers numerous ad-

vantages, including the creation of extremely pure, hard, and uniform nanoparticles. The 

temperature has a considerable impact on the nanoparticle formation reaction. However, 

this method has some drawbacks, including the generation of poisonous gaseous by-prod-

ucts and the need for specialized equipment for the synthesis process [54].  

 

iii. Sputtering 

This approach relies on collisions between ejecting materials and ions to deposit nanopar-

ticles on the surface [55]. Nanoparticles are frequently deposited on a surface in the shape 

of a thin coating. The thickness of the deposited layer is determined by temperature, an-

nealing time, and the materials employed in the synthesis, among other factors. The size 

and shape of nanoparticles are likewise determined by these characteristics [56]. 

 

iv. Hydrothermal/Solvothermal Process 

The phrase "hydrothermal/Solvothermal process" refers to the process of executing chem-

ical reactions in solvents confined in closed containers in which the temperature of the 

solvents can be raised to near critical degrees by heating with autogenous pressures at the 

same time [57]. When water is employed as the solvent, the process is referred to as          

"hydrothermal." In some circumstances, this phrase is also used to describe processes that 

take place under normal settings. When organics are utilized as solvents, the term "Sol-

vothermal process" is used [58]. 

 

v. Thermal evaporation deposition 
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Thermal Evaporation is a typical method of PVD (Physical Vapour Deposition). Thin Film 

Coating is a sort of vacuum technique used to cover the surfaces of various objects with 

pure materials. Coatings, often known as films, are typically in the angstrom to micron 

thickness range and May be made with a single material or stacked comprising numerous 

components [59]. Thermal evaporation technologies can be used to transfer single atomic 

elements, which include metals and non - metals, and also compounds such as oxides and 

nitrides. The substrate is the object that will be coated, and it can be anything from semi-

conductor wafers to solar cells to optical components, among many other options [60]. 

Thermal evaporation is the process of burning a solid inside a high sealed container to a 

temperature that causes vapour pressure to develop. Even a very modest vapour pressure 

inside the vacuum chamber is sufficient to produce a vapour cloud. This evaporated sub-

stance now forms a vapour stream that travels through the chamber and adheres to the sub-

strate as a coating or film [61]. 

2.4 Microwave synthesis techniques 

2.4.1 Principle of microwave synthesis 

The microwave part of the electromagnetic continuum has wavelengths ranging from 1cm to 

1m (frequencies of 300GHz to 300MHz). Microwaves are most commonly used in point-to-

point networking, satellite television broadcasting, and RADAR systems. Aside from that, they 

are used in commercial, pharmaceutical, chemical, and science research contexts. The micro-

wave has gained widespread acceptance as a method for synthesizing different compounds 

(organic and inorganic) in research laboratories and industries [62]. Dr Percy Spencer estab-

lished the heating property of microwaves in 1946 as a result of a contextual experiment of 

radar-oriented research. Microwave radiation has since ushered in a new age of science. The 

methodology is no longer restricted to the food industry but has had an impact in several other 

fields as well [63]. An electrical field exerts a force on charged particles and dipoles, causing 

microwave heating. When the substance receives microwave radiation, it undergoes rotational 

excitation, and the increased kinetic energy of the molecules is recorded as a temperature rise. 

Microwaves' heating effect is produced by two main mechanisms: dipole polarization and ionic 
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conduction, all of which are mediated by the electric field portion. Compact molecules, with 

irreversible dipole moments, deal with microwave radiation in the gaseous state [64].  

The frequency of irradiation in the dipole polarization system is such that the molecular dipoles 

react by rotating in response to the alternating electric field. The molecules coordinate their 

dipoles with the surrounding field, and energy is lost because of molecular friction and spon-

taneous collisions, resulting in dielectric heating. The ionic conduction process involves the 

movement of ions as a result of an electric field's effect, with the kinetic energy emitted as heat 

as the collision rate increases [65]. In recent years, microwave radiation has become more com-

monly used in organic chemistry, citing reports of faster reaction times and cleaner, easier-to-

prepare reactions than those produced by typical heating processes. In certain cases, higher 

yields have also been published [66]. 

2.4.2. Advantages of microwave heating over conventional thermal heating 

Microwave irradiation has many benefits over traditional thermal heating of reactants. Tradi-

tional thermal heating typically requires the need for a furnace or oil bath to heat the reactor 

walls using convection or conduction. The sample's centre takes a lot longer to attain the target 

temperature, and as a result, the sample is not heated evenly. Heating the furnace or oil bath 

often absorbs enormous energy [67]. During microwave heating, there is no direct interaction 

between the energy source and the sample as a result of the introduction of microwave energy 

into the sample remotely. Microwave dielectric heating is similar to a flash heating process 

except that the energy is generated much faster and the sample cools much faster at the end of 

the reaction (Figure 2.5).  
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As compared to traditional heating, this results in very different temperature-time profiles, 

which could lead to vastly different products [68]. Yields are often usually higher, and the 

process may be used to synthesize compounds that are not currently usable. The process can 

also be used to create materials with greater purity, finer particle sizes, narrower particle diam-

eter distributions and improved physicochemical properties [69]. Furthermore, microwave 

methods are remarkable in that they can be scaled up without suffering from thermal gradient 

effects, resulting in a potentially industrially significant breakthrough in large-scale nanoparti-

cle synthesis [70]. 

2.5 Conducting polymers 

Conducting polymers, because their electrical conductivity can alter when exposed to oxidative 

or reductive gas molecules at ambient temperature, have seen fast development and have shown 

significant promise in chemical gas sensors for ambient temperature. [71; 72]. When they en-

gage with gas particles, they either act as an electron donor or recipient, causing changes in 

carrier concentration and, as a consequence, a change in the electrical properties or resistance 

of the sensing polymers. Polyaniline (PANI), polypyrrole (PPy), polythiophene (PT), poly (3, 

4-ethylene dioxythiophene) (PEDOT), Polyacetylene (PA), poly (phenylene vinylene) (PPV) 

(Figure 2.6), and their derivatives are among the conducting polymers identified as sensitive 

materials in the literature [73; 74]. 

 

Figure 2.6 Structural illustration of conducting polymers [74] 

Figure 2.5 (a) Conventional heating vs. (b) Microwave heating [68] 
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Conjugated electron backbones in conducting polymers (CPs) such as polypyrrole, polythio-

phene, and polyaniline show peculiar low power optical shifts, low activation potentials, and 

strong electron affinities are examples of electronic characteristics. [75]. CPs are of critical 

relevance because they have unusual attractive mechanical qualities and manufacturing ad-

vantages of polymeric materials, these materials have optical and electrical properties that 

match metals or inorganic semiconductors., which are referred to as “synthetic metals.” A 

range of benefits is included, including ease of preparation practices, morphology stability, 

structural durability, lightweight, and cost-effectiveness [76-78]. 

In past few decades, there has been significant scientific progress in conducting polymers-

based room-temperature gas sensors. Nevertheless, because of their low conductivity and 

strong affinity for VOCs and water molecules, they always have poor sensitivity, low stability, 

and inadequate gas selectivity, this limits their usage in gas sensing applications. [79; 80]. Con-

ducting polymers have been historically synthesized with acid or peroxide initiators, either by 

chemical or electrochemical oxidation routes, which result in isolation materials that involve 

post-doping processes [81]. Interfacial polymerization and rapid mixing procedures have re-

cently been established as two new directed conducting polymer synthesis technologies. Two 

immiscible organic/aqueous liquids are used in the Interfacial polymerization technique, and 

polymerization occurs at the interface of two solutions. 

The CP, as produced, immediately diffuses into the aqueous layer, preventing subsequent 

growth. However, the poor yield of CPs generated is the method's primary drawback. As a 

result, this approach is ineffective for the bulk manufacturing of CPs. The fast mixing tech-

nique, on the other hand, entails rapidly combining monomers with the oxidant in suitable pro-

portions to produce vast numbers of CPs, with the diameter being dependent on the acid me-

dium employed in the process [82]. 

2.5.1 Conducting Polymer Systems Requirements 

Valence electrons are found in the outermost shell of electrons in a substance and can be 

grouped in the valence band, which determines their lowest energy states. An electron must 

gain enough energy to be promoted to the conduction band. It is widely accepted that an organic 
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polymer must have an overlapping collection of molecular orbitals to facilitate electronic con-

duction and allow for fair carrier mobility along the polymer chain [83]. Conducting polymers 

are usually polyconjugated materials that are insulators in their pure form, which may be con-

verted into polymeric salts with conductivities comparable to metals when treated with an ox-

idizing or reducing agent [84]. 

 The fundamental structural feature of all conjugated polymers is their semi-infinite π system, 

which spans a vast number of repeating monomer units. Because of this function, materials 

with directional conductivity are generated [85]. The expanded conjugated polymer structure 

is extremely sensitive to chemical or electrical oxidation or reduction. This modifies the elec-

tronic and optical properties of the polymer, and by carefully controlling the oxidation and 

reduction processes, it is able to precisely control the electrical and optical properties. [86].  

Conjugated polymers are intrinsic semiconductors in their non-doped form, with the band dif-

ference determined not only by the chemical composition of the conjugated backbone but also 

by the configuration of the substituents connected to the main chain. Thus, by using sufficient 

functionalization, the optical and electronic properties of conjugated polymers can be greatly 

altered [87]. Conducting polymers have an expanded p-orbital system that allows electrons to 

move from one end to the other. The bonding in conjugated polymers results in one unpaired 

π-electron per carbon atom. Furthermore, π bonding causes electron delocalization on the 

polymer's backbone when the carbon orbitals are in the sp2 Pz arrangement and the orbitals of 

consecutive carbon atoms in the backbone overlap [88]. 

2.5.2 Doping of organic polymers 

Doping is the one-of-a-kind, fundamental, defining, and merge theme that separates Conduct-

ing polymers are distinguished from all other types of polymers. During the doping process, an 

organic polymer that is either an insulator or a semiconductor with a conductivity, typically 

between 10-10 and 101 S/cm, is changed into a polymer with a ‘metallic' conductivity (1 to 104 

S/cm). Doping of organic polymers entails removing electrons from the valence band (p-dop-

ing) or adding electrons to the conduction band (n-doping, which is significantly less common). 

To dope organic polymers, electrons are removed from the valence band (p-doping) or added 
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to the conduction band (n-doping). Doping (either p or n) results in the formation of charge 

carriers that migrate in the presence of an electric field. Charges that are positive (holes) or 

negative (electrons) move to opposite electrodes. Electrical conductivity is determined by this 

charge mobility. [89]. The regulated addition of recognized, nonstoichiometric concentrations 

of chemical species (usually less than 10%) causes significant changes in the polymer's me-

chanical, magnetic, optical, electrical and structural properties. Doping may be reversed to re-

turn the polymer to its original state with minimal to no deterioration of the polymer backbone 

[90]. Chemical and electrochemical doping and dedoping procedures are both possible. Both 

include dopant counter-ions that maintain the doped state. [91]. by carefully managing the dop-

ing standard, a conductance between the undoped and wholly doped forms of the polymer may 

easily be obtained. This enables the optimal properties of each polymer type to be optimized. 

[92].  

2.5.3 Polyaniline (PANI) 

Polyaniline has received a lot of interest in recent years because of its propensity to display a 

significant degree of conductance. It has been discovered in several colour variations, some of 

which are not electrically conductive [93]. To comprehend the chemical characteristics of pol-

yaniline, it is required to connect colour and conductance with structure in a way that is com-

patible with the conditions of preparation (oxidative polymerization of aniline) and the condi-

tions of interaction between the various forms. (Figure 2.7) [94].The current state of knowledge 

regarding the nature of the numerous polyaniline species and their conversions may be sum-

marized in a simple reaction mechanism, which will serve as a beneficial basis for future ad-

vancements in polyaniline chemistry. Protonated emeraldine, the most common type of poly-

aniline, is green and electrically conductive, and it is made via oxidative polymerization of 

aniline, which is usually in the form of hydrochloride. It may be transformed to protonated 

pernigraniline, which is blue and may be predicted to be conducting if harsher oxidizing con-

ditions are used. Subsequent treatment with alkali leads to the pernigraniline base, which is 

violet and non-conducting [95]. 
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2.6 Onion like-carbons 

Carbonic nanomaterials like nano diamonds, carbon nanotubes, fullerenes, fluorescent carbon 

nanoparticles, graphene sheets, and or onion-like carbons (OLCs) have stimulated significant 

research due to their diverse technical applications (Figure 2.8). Among the electrical and phys-

icochemical properties of OLCs, their optical characteristics, especially their fluorescence 

emission, have garnered recent attention. For several years, semiconductor quantum dots have 

been actively explored for their strong and adjustable fluorescence emission properties, which 

enable their usage in sensors and cell imaging. [96].  

 

 

 

 

 

 

 

Figure 2.8 Schematic illustration of Carbon structures with various allotropes. [96] 

Physical and chemical processes, including arc discharge [97], laser ablation [98], plasma 

method [99], chemical vapour deposition (CVD), and high-temperature annealing [100], have 

Figure 2.7 Structural illustration of forms of polyaniline [94] 
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been effectively used for the production of OLCs. OLCs have demonstrated enormous ability 

as adaptable nanomaterials for extensive variety of applications, including chemical sensing, 

bio-sensing, and bio-imaging, drug administration, photodynamic treatment, photo-catalysis, 

and electro-catalysis, as a category of newly discovered fluorescent nanomaterials [101]. 

OLCs' unique characteristics, such as their innocuous chemical composition, tuneable fluo-

rescence emissions, ease of derivatization, and outstanding physicochemical and photochemi-

cal consistency (non-photo bleaching or non-photo blinking), make them very appealing for 

technical applications when compared to conventional semiconductor quantum dots [102]. 

2.7 Polymer nanocomposite-based sensor 

MOX materials such as ZnO, MnO2, α-Fe2O3SnO2, and In2O3 have several advantages in sen-

sors such as structural stability, ease of integration, cost-effectiveness, and capacity to sense 

the majority of hazardous gases, which have all contributed to the ongoing developments and 

widespread applications for the detection of chemical compounds [103]. However, MOX is also 

constrained by a lack of flexibility and selectivity, as well as functioning at high temperatures 

(more than 200 °C), leading to significant power consumption, safety concerns, and limited 

lives. Thus, to increase the electrical conductivity and room temperature operation of MOX, 

many ways have been discovered, encompass doping with conductors like as carbon nanopar-

ticles, graphene, carbon nanotubes, and others, as well as polymers. [104].  

OLCs exhibit a one-of-a-kind combination of mechanical, chemical, and physical features, 

these qualities, when combined with acceptable compatibility, can lead to the creation of com-

posite materials [105]. The combination of OLCs and other compounds can result in fascinating 

materials with characteristics derived from the separate components. Combining OLCs with 

conducting polymers, in particular, produces novel materials [106] that are particularly appeal-

ing as electrode materials for electrochemical and medicinal applications. 

Although pristine PANI-based sensors in various shapes have better sensor properties than bulk 

PANI, they have drawbacks such as limited repeatability, selectivity, and sensitivity. Accord-

ing to the literature [107], the inclusion of inorganic/organic NPs in the CP matrix can enhance 

the gas-sensing characteristics of the resultant hybrid nanocomposites. The characteristics may 

be changed primarily in two ways: first, n-type semiconducting materials (e.g., WO3, TiO2, 

SnO2, and In2O3 etc.) can modify the p–n heterojunctions at the CP/oxide interfaces [108-110]. 

Polymer nanocomposite-based sensors based on polyaniline (PANI), carbon Nano-onions 
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(OLCs), and indium oxide (In2O3) nanoparticles were synthesized in this study to identify and 

comprehend the ammonia sensing mechanism and specific VOCs. 
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CHAPTER 3 

MICROWAVE-ASSISTED HYDROTHERMAL SYNTHESIS 

OF In2O3 NANOSTRUCTURES AND THE SYNTHESISES OF 

POLYANILINE 

 

3.1 Introduction 

Metal oxide nanoparticles, such as Al2O3, MgO, ZrO2, AgO, TiO2, ZnO, In2O3, and others, 

have attained considerable attention in recent years because to their novel features in compar-

ison to their bulkier rivals, such as compact size and high density of edge surfaces [1]. The 

magnetic, conducting, chemical and electrical properties of these materials have prompted ex-

tensive research into new applications, such as batteries, magnetic storage media, gas sensors, 

solar cells, catalysis, energy conversion, architecture, medicine, food, agriculture, cosmetics, 

textiles, and antennas [2]. Indium oxide (In2O3), has large bandgap n-type semiconductor with 

a direct bandgap of approximately 3.6 eV. It has gained considerable attention for its potential 

applications at room temperature in solar cells, field-emission displays, lithium-ion batteries, 

nanoscale biosensors, optoelectronics, and photocatalysis and gas sensors, [3]. 

Chemical vapour deposition, sol-gel, microemulsion, and spray pyrolysis, are all methods uti-

lized to manufacture these metal oxides. The microwave-assisted hydrothermal process has 

been highly utilized in recent years for nanoscale synthesis [4]. This is because the addition of 

microwaves to hydrothermal processes enables rapid, easy, and cost-effective methods of ob-

taining the desired products from a chemical reaction [5]. The microwave (MW) creates uni-

form reaction heating, which enables a more homogenous size distribution of the component's 

materials, which is not possible with other heating procedures. Additionally, the solvents em-

ployed is environmentally friendly and hazardous by-products can be eliminated or minimized 

[6].  

This opens up the possibility of using microwave reactors in industrial applications for the bulk 

production of nanomaterials. Controlling numerous factors such as solvent, reaction time, tem-

perature, and strain, allows for the resolution of issues such as nanomaterial particle size and 

shape [7]. The use of a stabilizing agent to control the shape and size of nanomaterials has been 

widely investigated and has been demonstrated to be a viable alternative method for achieving 
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the desired attributes of crystalline nanostructures. However, this is limited in the application 

of nanomaterials [8].  

The goal of this study was to look into an alcohol reduction method for synthesizing indium 

oxide that does not require annealing and compare the results to those from a conventional 

method that does require annealing. It is well known that indium hydroxide may be dehydrated 

through heat treatment to create indium oxide with comparable morphologies and sizes. The 

conventional method entails converting indium hydroxide to indium oxide. However, in this 

investigation, the indium hydroxides were synthesized using the same microwave power of 

700 watts at varying reaction times (10 minutes, 20 minutes, 30 minutes, 45 minutes, and 1 

hour). The In (OH) 3 products were heated for two hours at 400 °C to convert them to In2O3. 

Separately, the formed indium oxides were employed to create a ternary composite 

(In2O3/PANI/OLCs). The composites were then employed as gas sensing layers, and their ef-

fectiveness was evaluated (refer to chapter 6). For the sake of simplicity, the indium oxide 

synthesized via the alcohol reduction approach will be referred to as B-In2O3, while the one 

synthesized by the standard method will be referred to as Y-In2O3. TEM (Transmission electron 

microscope), XRD (X-ray Diffraction), FTIR (Fourier transform Infrared), UV-Vis (Ultravio-

let–Visible spectroscopy), BET (Brunauer-Emmett-Teller), SEM (Scanning Electron Micros-

copy) were used to characterize the synthesized materials and XPS (X-ray photoelectron spec-

troscopy). 

This chapter is divided into two parts: 

1.1 Synthesis and characterization of B-In2O3 and Y-In2O3  

1.2 Synthesis of polyaniline 

3.1.1 Synthesis and characterization of B-In2O3 and Y-In2O3 

3.1.2 Procedure for conducting experiments 

3.1.2.1 Reagents 

The microwave-assisted hydrothermal synthesis of indium oxides described in this work is a 

modification of an existing approach [9]. Sigma Aldrich supplied indium (III) nitrate hydrate 

[In (NO3)3. xH2O], hexamethylenetetramine [HMT, C6H12N4], and acetone, which were used 
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without additional purification. MK chemicals supplied the ethanol, and WITS University's 

School of Chemistry produced the deionized water. 

3.1.2.2 Synthesis of Y-In2O3 

 The measured amounts of indium (III) nitrate hydrate [In (NO3)3. xH2O] and hexamethylene-

tetramine [HMT, C6H12N4] were dissolved in water separately in different containers. The so-

lutions were then transferred to a set of Teflon lined vessels, mounted onto the rotor and further 

transferred to a microwave reactor operating at 700W for 10 minutes. The reactor was then 

cooled and the white indium hydroxide precipitate was centrifuge, washed several times with 

deionized water, and oven-dried at 120 ̊C for 6 hours. After annealing the indium hydroxide at 

400 degrees Celsius for two hours, a yellow indium oxide was formed. 

3.1.2.3 Synthesis of B-In2O3 

 The measured amounts of indium (III) nitrate hydrate [In (NO3)3. xH2O] and hexamethylene-

tetramine [HMT, C6H12N4] were dissolved in ethanol separately in different containers. The 

solutions were then transferred to a set of Teflon lined vessels, mounted onto the rotor and 

further transferred to a microwave reactor operating at 700W for 10 minutes. The reactor was 

cooled and the brown precipitate was centrifuge washed several times with water, ethanol and 

acetone, and oven-dried at 120 ̊C for 6 hours.  

3.1.2.4 Characterization techniques 

A Bruker Tensor 27 Fourier Transform Infrared spectrometer was used for the FTIR spectros-

copy analysis. After dispersing the samples in ethanol, dropping them on a carbon tape, and 

coating them with a layer (10 nm) of gold–palladium and a layer (10 nm) of carbon, SEM 

examination was done at 20 kV on a ZEISS SIGMA 03–39 FESEM. The materials were dis-

seminated in ethanol by ultrasonication and then put onto a lace carbon copper grid for TEM 

examination using a Tecnai Spirit T12 at 120 kV. PXRD data was recorded on a Bruker D2 

Phaser using Cu radiation, with each scan lasting 1 hour. The surface area and pore volume 

were determined using a Micromeritics Tristar 3000 surface area and porosity analyser.  
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3.1.3.1 Reaction mechanism of Y-In2O3 and B-In2O3 synthesis 

The solvent plays a significant role in nanoparticle development and assembly. The interaction 

of the nanoparticle surface with the solvent molecules, as well as the solvent molecules with 

the ligand molecules, has a substantial effect on the final particle size and shape. [10]. Ethanol 

is used as a solvent and HMT acts as a structural guiding agent, but it also limits particle growth 

by forming a shield around the nanoparticle to restrict further growth. It is also stated that HMT 

may be hydrolysed in distilled water and progressively produces OH- ions at a temperature of 

100 ◦C, the mechanism is described by equations three to six. [11].  

 

 

 

 

 

When the reactions do not incorporate microwaves (equation 1); annealing will be required 

regardless of whether the reaction is conducted in the presence of water or ethanol. When mi-

crowaves are used, reactions conducted in the presence of ethanol do not require annealing 

(equation 2); however, when water is used, annealing is required to obtain In2O3. To understand 

why we cannot just go to the desired product because microwave is used in both circumstances, 

one must first understand how microwave heats different solvents. The ability of a solvent to 

absorb microwave energy is significant; ethanol is a high microwave absorber when compared 

to water [12], thus it heats up quickly within the microwave chamber, producing indium oxide 

in a single step. Water takes longer to achieve required temperatures, therefore the product 

offered is indium hydroxide, which requires dehydration to yield indium hydroxide. Figure 3.1 

illustrates formation of Y-In2O3 and B-In2O3. 
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3.1.4 Discussion of the findings 

3.1.4.1 Transformation of In (OH) 3 to Y-In2O3 under various microwave ex-

posure conditions. 

3.1.4.2 XRD   

As illustrated in Figure 3.1.2, the crystallinity of as-prepared samples generated using the hy-

drothermal microwave aided technique was assessed using XRD. Figure 3.1.2 (a) depicts the 

diffraction patterns of indium hydroxides generated at various microwave radiation periods. 

Microwave exposure durations of 10 and 20 minutes yielded indium oxyhydroxide (InOOH) 

with an orthorhombic lattice, as validated by PDF 01-078-4503. The cubic indium hydroxides 

were confirmed by PDF 00-058-0465, PDF 01-078-4503, and PDF 01-071-2277 as the expo-

sure period increased (30 minutes, 45 minutes, and 1 hour). The XRD patterns of indium ox-

ides produced after annealing the InOOH and In (OH) 3 at 400 degrees Celsius for 2 hours are 

shown in Figure 3.1.2 (b). Zhuang et al. [13] found comparable results with hexagonal in-

dium oxides, In2O3 (10min and 20min). PDF 01-084-4697, PDF 01-083-8123, and PDF 01-

083-8123, respectively, confirm that In2O3 (30 min, 45 min, and 1hr) are cubic phase indium 

Figure 3.1.1 Schematic illustration of formation of Y-In2O3 and B-In2O3 
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oxides. Estimating particle size of In2O3 products was challenging due to the uneven mor-

phologies and severe agglomeration indicated by the particles generated in this chapter (refer 

to Figures 3.1.4 (a2-e2) and 3.1.5(a2-e2)), hence only the average crystalline dimension was 

obtained utilizing the Scherrer equation. The sizes of prepared indium oxides are shown in 

Table 3.1.1. The peak broadening of the peaks in the XRD pattern is a technique for deter-

mining the size of nanoparticles [14].  The Scherrer equation is illustrated below: 

D=Kλ/βcosθ, 

The mean size of the nanoparticles is denoted by D, the form factor is denoted by K, the X-

ray wavelength is denoted by λ, the full width at half maximum is denoted by β, and the tilt 

between the X-ray source and detector is denoted by θ [15].  

 

 

 

 

 

Figure 3.1.2 XRD diafactograms of (a), In (OH) 3 at 10 min, 20 min, 30 min, 45 min, and 1hr of microwave radiation 

and (b) In2O3 after annealing indium hydroxides 

Table 3.1.1 Average particle size of In2O3 prepared from dehydration of indium hydroxide 
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3.1.4.3 FTIR  

Figure 3.1.3 (a) shows the FTIR spectrums of indium hydroxides, which are identical to the 

one previously reported by Mullicaet et al. [16]. Spectrums shows the absorption peaks for OH-

1 stretching vibrations (3250 and 3133 cm-1), bending vibrations (1250 and 1150 cm-1), the In-

OH group (855 and 789 cm-1), and In–O stretching vibrations (527 cm-1). In figure 3.3(b) de-

picts the FT-IR spectra of the In2O3 nanoparticles. The bands at 400 to 600 cm-1 are typical of 

In-O bending in In2O3, but the bands for In2O3(10min) and In2O3 (20min) aren't as strong as 

those for In2O3 (30min), In2O3 (45min), and In2O3 (1hr), which could be because of different 

lattices seen in XRD analysis. Table 3 shows the IR assignment bands of the prepared hydrox-

ides and oxides. 

 

 

3.1.3.4 SEM and TEM 

Figure 3.1.4 (a1-e1) depicts SEM images of In(OH)3 exposed to the same microwave power 

(700w) for ten minutes, twenty minutes, thirty minutes, forty-five minutes, and one hour, as 

Figure 3.1.3 FT-IR spectra of (a) In (OH) 3 synthesized under different MW reaction times and 

(b) In2O3 after annealing In2O3 

Table 3.1.2 FTIR assignment bands of (a) In (OH) 3 and (b) In2O3 prepared from 

Dehydration of indium hydroxide 
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well as In2O3 from annealed indium hydroxides for 2 hours at 400 degrees Celsius (Figure 3.1.4 

(a2-e2)). A morphology consisting of rectangular bars, cubes, and flower-like nanoparticles of 

indium hydroxide is formed as shown in Figure 3.1.4 a1. After the annealing tiny particles are 

generated and the morphology in a scaffold pattern appears, as shown in Figure 3.1.4 a2. When 

comparing Figure 3.1.4 b1 to Figure 3.4 a1, the cubes and rectangular bars are relatively smaller 

and a flower-like morphology emerges. After annealing of b1 (Figure 3.1.4 b2), the scaffold 

structure appears somewhat deformed with aggregated small particles. A uniform flower-like 

morphology is observed in Figure 3.1.4 c1. After annealing, the cluster shown in figure 3.4 b2 

changed into smaller spherical nanoparticles (Figure 3.1.4 c2). The flower-like morphology is 

completely obliterated as the exposure period increases (Figure 3.1.4 d1 and e1), and smaller 

spherical aggregates appear after annealing (Figure 3.1.4 d2 and e2). This demonstrates that the 

reaction time has a significant effect on the size and morphology of the nanomaterials.  

TEM images of indium hydroxides (a1-e1) and indium oxides (a2-e2) are shown in Figure 3.1.5.  

Figure 3.1.5 a1 and b1 illustrate morphology composed of a combination of rectangular bars 

and cubes. Figure 3.1.5 a2 and b2 illustrate an oblique morphology associated with strongly 

aggregated particles. Figure 3.1.5 Image c1 illustrates a flower-like morphology, whereas Fig-

ure 3.5 c2 depicts a spheroidal morphology with varying-sized lattice fringes. Their morphol-

ogy is hardly distinguishable in Figures 3.1.5 d1 and e1. Figure 3.1.5 d2 illustrates what appears 

to be irregular fibres, while figure e2 illustrates a spherical aggregation of the irregular fibres 

in figure 3.1.5 d2. These findings are consistent with SEM images. 
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Figure 3.1.4 SEM micrographs of In (OH)3 at different microwave irradiation times (10min-1hr 

(a1-e1)) and the In2O3 after annealing indium hydroxides (a2-e2) 
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Figure 3.1.5 TEM micrographs of In (OH) 3 at different microwave irradiation times (10min-1hr (a1-e1)) and 

the In2O3 after annealing indium hydroxides (a2-e2) 
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Y-In2O3 and B-In2O3 comparison 

Sol-gel, chemical precipitation/co-precipitation, microemulsion, and many other wet chem-

ical paths for the synthesis of nano-scale metal oxides typically take a long time. Owing to 

its excellent in providing a higher rate of synthesis than conventional heating, microwave-

assisted processing has garnered a lot of interest. Volumetric heating is possible because 

microwaves can penetrate materials and deliver energy, causing heat to be produced 

throughout the material's volume. The speed of reactions is increased by a factor of 10-1000 

when it is possible to raise the temperature of a reaction well above the boiling point of the 

solvent. As a result, reactions are finished in minutes or even seconds [17].  

The following are just a few of the benefits of microwave synthesis [18,19,20,21] : (i) faster 

reactions and higher yields by combining sealed-vessel (autoclave) technology with fast 

microwave heating; (ii) use of solvents with lower boiling points under pressure (closed 

vessel conditions) and heating them to temperatures much higher than their boiling point; 

(iv) heating the reaction mixture "in core," without the effects of walls or heat diffusion; (v) 

no direct contact between the energy source and the chemicals being reacted; (vi) preferen-

tial heating; and (vii) direct molecular heating and inverted temperature gradients.  

Although the microwave method was used to create both Y-In2O3 and B-In2O3, using etha-

nol as a solvent instead of water had additional benefits because it produced the desired 

product (abbreviated as B-In2O3) without the need for annealing, which is required when 

using water as a solvent because indium hydroxide is what initially forms. This last obser-

vation is supported by the fact that ethanol absorbs microwave energy more effectively than 

water. 

3.1.4.1 FTIR  

Figure 3.1.6 depicts IR spectra of Y-In2O3 and B-In2O3, in most cases, interatomic vibrations 

in metal oxides create absorption bands less than 1000 cm-1, The features of In-O vibration 

were assigned absorption bands in the range (679 – 550 cm-1) [22].  
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3.1.4.2 XRD  

XRD analysis was used to determine the crystal structure of Y-In2O3, and B-In2O3 nanoparti-

cles.  Y-In2O3 with eight peaks, as shown in Figure 3.1.7, which were assigned to crystal planes 

(2 1 1), (2 2 2), (4 0 0), (4 1 1), (3 2 2), (4 3 1), (4 4 0), (6 1 1), and (6 2 2), respectively. The 

XRD pattern revealed the cubic structural phase of In2O3 with no impurities [23]. B-In2O3 has 

eight peaks, as illustrated in Figure 3.1.7 which was allocated to crystal planes (2 1 1), (2 2 2), 

(4 0 0), (4 1 1), (3 2 2), (4 3 1), (4 4 0), (6 1 1), and (6 2 2), respectively, but when compared 

to Y-In2O3, the peaks are somewhat shifted to higher values of 2 Theta. The peak shifts are 

attributed to lattice distortion caused by defects in the crystal structure. The XRD peak posi-

tions shift to either a higher or lower angle as a result of tensile or compressive strain [24]. The 

Scherer equation was utilised to ascertain the average particle size of the produced indium 

oxides (Table 3.1.3) 

 

Table 3.1.3 Particle sizes of Y-In2O3 and B-In2O3, calculated using Scherrer equation 

Figure 3.1.6 FT-IR spectra of (a) Y-In2O3 and (b) B-In2O3 

a 

b 
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3.1.4.4 SEM and EDS  

The  morphological analysis of indium oxide nanoparticles has been studied using SEM. 

Figure 3.1.8 (a) depicts the morphology of Y-In2O3 discovered to be aggregated spheres, 

while figure 3.1.8 (b) depicts the morphology of B-In2O3 discovered to be nanorods. The 

elemental composition of the produced samples, Y-In2O3, and B-In2O3 was determined by 

energy-dispersive X-ray (EDS) spectroscopy, as shown in Figure 3.1.8 (c & d). The EDS 

spectrum exhibited main peaks of In and O ions, indicating that indium oxide was 

produced. 

 

 

 

 

 

 

 

Figure 3.1.7 X-ray diffractogram of Y-In2O3 and B-In2O3 

Figure 3.1.8 SEM micrographs of, (a) Y-In2O3, (b) B-In2O3 and EDS spectra of, (c) Y-In2O3, (d) B-In2O3 
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3.1.4.4 TEM  

Figure 3.1.9 shows TEM micrographs of indium oxide products. Figure 3.1.9 (a) depicts a TEM 

image of aggregated Nano grains of Y-In2O3 that were obtained after two hours of annealing 

indium hydroxide at 400 degrees Celsius, the original morphology of the indium hydroxide 

was destroyed, presumably because of water evolution and weight loss (Figure 3.1.5 c1) [25]. 

Figure 3.1.9 (b) displays the morphology of B-In2O3, which was produced using the alcohol 

solvent approach and did not require annealing; it has a Nano rod form. Following this, it is 

clear that the synthesis conditions used, have an effect on the morphological outline of the final 

product. In this case, ethanol addition as a solvent, the microwave and the reagents, were able 

to produce uniform rod-like structures. 

 

 

 

 

 

 

 

 

 

3.1.4.5 UV-Visible Spectroscopy 

The optical properties of Y-In2O3 and B-In2O3 nanoparticles were investigated using UV-Vis-

ible absorption spectroscopy. Figure 3.1.10 illustrates the absorbance spectra of Y-In2O3 and 

B-In2O3 nanoparticles (a & b). Y-In2O3 has an absorbance peak of 302 nm, while B-In2O3 has 

an absorbance peak of 297 nm. Different parameters like particle size, bandgap, oxygen vacan-

cies, and others influence the absorbance peak of materials [26]. Tauc's equation [27] was used 

to compute the energy band gap of Y-In2O3 and B-In2O3. The energy band gaps of Y-In2O3 and 

B-In2O3 are 3.2 eV and 3.6 eV, respectively, as shown in the inserted graphs in Figure 3.1.10 

(a & b). The particle size and band gap are affected by the annealing temperature. In general, 

the optical band gap of In2O3 nanoparticles increases with increasing annealing temperature 

Figure 3.1.9 TEM micrographs (a) Y-In2O3 and (b) B-In2O3 
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[28], which is due to improved crystallinity and a decrease in oxygen deficiency [29], and this 

statement accounts for the difference in band gaps obtained in this study. Rashed et al. dis-

covered a comparable band gap to that of B-In2O3 [30]. 

 

3.1.4.6 BET  

Surface area and permeability of Y-In2O3 and B-In2O3 samples were determined using the N2 

adsorption-desorption method. Figure 3.1.11 (a & b) exhibit typical type III isotherms to pres-

sure differential (0.1< P/P0 <1.0) with a type H3 hysteresis loop and no clear saturation ad-

sorption platform, indicating highly irregular pore structures [31]. Table 3.1.4 lists the particle 

properties of Y-In2O3 and B-In2O3, such as, pore diameter, surface area and volume distribu-

tion. The surface area of B-In2O3 is much greater than that of Y-In2O3. This may be due to grain 

growth which may have occurred during the annealing step to obtain Y-In2O3. The Barrett–

Joyner–Halenda (BJH) method was used to determine the pore-size distribution. Pore diame-

ters in Y-In2O3 range from 6 to 65 nm. The pore size diameters of the B-In2O3 sample is around 

35 nm; both materials appear to be mesoporous based on the pore size values. 

 

Figure 3.1.10 UV spectra of (a) Y-In2O3 and (b) B-In2O3 

Table 3.1.4 BET surface area, pore size and pore volume distribution of Y-In2O3 and B-In2O3 



 

 
53 

  

3.1.4.7 XPS  

The electronic structure and composition of Y-In2O3 and B-In2O3 were studied using X-ray 

photoelectron spectroscopy. Figure 3.1.12 (a & b) display the survey XPS spectra of Y-In2O3 

and B-In2O3, which clearly shows distinct peaks at roughly 500, 440, and 230 eV, correlating 

to O, In, and inadvertent C [32], correspondingly for In2O3. The O1s XPS curves of B-In2O3 

and Y-In2O3 are shown in Figure 3.1.12 (c & d), respectively. There are three prominent peaks 

positioned at approximately 531,532, and 533 that can be attributed to lattice oxygen (Olat), 

deficient oxygen (Odef), and surface oxygen (Oabs), respectively [33]. Figure 3.1.12(e & f) 

shows a high-resolution spectrum of In3d of Y-In2O3 and B-In2O3, with peaks at 452 and 440 

eV corresponding to the 3d3/2 and 3d5/2 spin-orbitals, respectively, demonstrating the existence 

of the In3+ oxidation state [34]. 

Figure 3.1.11 BET isotherm curves and Pore size diameter curve of (a) Y-In2O3 and (b) B-In2O3 
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3.1.5 Conclusion 

 
The effective synthesis of Y-In2O3 and B-In2O3 was validated using XRD, FT-IR, UV-Vis, 

TEM, and SEM. Time investigations of the synthesis of Y-In2O3 show that microwave power 

influences size, morphology and crystalline phase of the produced materials. From the com-

parison of Y-In2O3 and B-In2O3, the XRD analysis revealed that the produced materials are 

polycrystalline, although the diffraction peaks of B-In2O3 were somewhat shifted to higher 2-

theta values when compared to Y-In2O3. Y-In2O3 and B-In2O3 had an average crystalline di-

ameters of 10.7 and 9.4 nm, respectively. The morphology of Y-In2O3 was discovered to be 

nanograins, whereas the morphology of B-In2O3 was shown to be nanorods. The existence of 

all the predicted elements, including oxygen and indium, was confirmed by EDS. The existence 

Figure 3.1.12 XPS (a & b) survey, (c & d) O1s XPS curves and (e & f) O1s of Y-In2O3 and B-In2O3 
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of functional groups was confirmed by FTIR for the produced materials, and so was the com-

plete transformation of indium hydroxide to Y-indium oxide. The UV absorption spectra of Y-

In2O3 and B-In2O3 nanoparticles displayed peaks at 302 and 297 nm, respectively, and the en-

ergy band gaps were determined to be 3.2 and 3.6 eV using the Tauc's plot. The surface areas 

of Y-In2O3 and B-In2O3 determined by BET were 20.2 and 45.3 m2 g-1, respectively. Following 

these observations, it is possible to conclude that the process of synthesis affects the properties 

of the materials. X-ray photoelectron spectroscopy was used to investigate the electronic struc-

ture and composition of Y-In2O3 and B-In2O3, confirming that indium oxides were successfully 

produced. 

 

3.2 Synthesis of polyaniline 

3.2.1 Introduction 

The conducting polymer family includes polyaniline (PANI), poly (3,4ethylenedioxythio-

phene) (PEDOT), polypyrrole (PPY), polythiophene (PTh), and their derivatives [35]. PANI 

has gotten a lot of attention among conducting polymers because of its unique properties, which 

include simple and reproducible doping and dedoping chemistry, steady electrical conductance 

mechanisms, enormous environmental stability, and facile synthesis, all of which point to po-

tential electrical device applications. PANI may be produced using either electrochemical or 

chemical polymerization techniques. The polymerization process employed must give accurate 

structures and morphologies, hence, chemical polymerization is preferred over electrochemical 

polymerization [36]. In acidic environments, chemical polymerization employs aniline as a 

monomer and ammonium persulfate (APS) as an oxidant. Interfacial polymerization, the hard 

template method, the soft template technique, electrospinning, and the quick mixing method 

are methods utilized to synthesize PANI [37].  

The latter polymerization procedure is particularly important since it is the most practical ap-

proach for large-scale polyaniline manufacturing. Since the early 1980s, conductive polymers 

have been utilized as the active ingredient in gas sensors [38]. Conduction in these polymers is 

extremely complicated, as their electrical conductivity ranges by around a factor of fifteen, 
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which is ascribed to the creation of non-linear defects such as solitons, polarons, or bipolarons 

during the doping or polarization processes of monomer units [39]. Conducting polymers have 

several advantages, including the ability to work at room temperature and the ability to alter 

their chemical and physical properties utilizing various substituents. These features make con-

ducting polymers ideal sensing layers for room-temperature gas sensors.  

Sensors employing conducting polymers in various transduction modes have been developed 

in recent years. These sensors can be classified into five main classes: (i) amperometric mode 

(measurement of the current generated by an analyte's redox reaction at a sensing/working 

electrode) (ii) conductometric mode (changes in electrical conductivity), (iii) potentiometric 

mode (changes in chemical potential without current flow), (iv) colourimetric mode (changes 

in optical absorption), and (v) gravimetric mode (the shift in the polymer's mass as a result of 

analyte–polymer interaction.) [40].  

 

 

 

 

 

 

 

 

 

A common feature of these polymers is that they have a low conductivity in their pure state on 

the order of 10-10 S.cm-1, that can be easily increased to values in the range of 103–105 S.cm-1 

using a doping method (Figure 3.2.1). By eliminating some electrons (either chemically or 

electrochemically), the polymer core becomes electrified, and the cation radical works as a 

charge transfer [41]. Hauang J and Cesario A observed that when several inorganic acids such 

Figure 3.2.1 Doping and de-doping of PANI [7] 
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as HCl (hydrochloric acid), H2SO4 (sulphuric acid), and H3PO4 (phosphoric acid) were used to 

synthesize PANI, the reaction temperature was kept constant at zero degrees Celsius, and the 

emeraldine salts were washed with ethyl ether, ethanol, and distilled water, before being dried 

under a vacuum (0.075 mega pascals) at 50 degrees Celsius for 48 hours. PANI structures with 

sizes from 150 to 340 nm and conductivities varying from 0.1 to 10 S cm-1 were obtained  

[42 & 43].  Olinga et al. reported that the solubility, structure, and conductance of PANI can 

be considerably altered by doping it with bulky protonic acids like dodecyl benzene sulfonic 

acid (DBSA, camphor sulphonic acid (HCSA) and p-toluene sulfonic acid (p-TSA) [44]. The 

lengthy alkyl chains of PANI’s alkyl chains acted as surfactants, enhancing both its solubility 

and processing capabilities. Numerous attempts have been made to further enhance the PANI’s 

characteristics through surface modification using nanomaterials such as carbon-based materi-

als, and metal oxide semiconductors for gas sensing applications [45].  

Because of the changes made to PANI's physicochemical properties, the gas sensing qualities 

of the resulting composites are projected to improve dramatically [46]. PANI was doped with 

HCl in this study using a rapid polymerization technique and then mixed with OLCs and In2O3 

(in chapter 5) to generate a ternary composite suitable for room temperature gas sensing. XRD 

(X-ray diffraction), FTIR (Fourier transform infrared spectroscopy), TEM (transmission elec-

tron microscope), UV-Vis (Ultra Violet-visible spectroscopy) were used to characterize the 

produced PANI. 

3.2.1 Procedure for conducting experiments 

3.2.1.1 Reagents 

All of the reagents in this study, including aniline monomer, hydrochloric acid (HCl), and 

ammonium persulfate (APS), were acquired from Sigma-Aldrich (South Africa) and utilized 

without additional purification. 

3.2.1.2 Synthesis of HCl doped Polyaniline nanowhiskers 

Rapid polymerization was used to synthesize PANI nanowhiskers as depicted in Figure 3.2.2. 

In a typical reaction, 5g APS was dissolved in 50 ml 1M HCl and 2 ml aniline was added to 50 

ml 1M HCl separately. At  ̴ 0◦C, APS (oxidant) solution was added to aniline solution with 

rapid stirring. Following the polymerisation, the resultant samples were filtered and washed 
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repeatedly with 1M HCl followed by distilled water until the supernatant was colorless 

subsequently, the product was washed with acetone and dried overnight at 60°C. 

 

 

 

 

 

3.2.2 Techniques for Characterization 

A Bruker Tensor 27 Fourier Transform Infrared spectrometer was used for the FTIR 

spectroscopy analysis. The TEM examination was performed at 120 kV using a Tecnai Spirit 

T12, and the samples were ultrasonically scattered in ethanol before being put onto a lacey 

carbon copper grid. ImageJ analysis software was used to determine the size of TEM PANI 

particles. PXRD data was gathered using a Bruker D2 Phaser and Cu emission, with each scan 

lasting one hour. The Tristar 3000 surface area and porosity analyzer was utilyzed to figure out 

the surface area and pore volume. 

3.2.3 Discussion of the findings 

3.2.3.1 TEM  

Figure 3.2.3 (a & b),depicts the TEM images of the prepared PANI . The average thickness of 

PANI nanowhiskers [47] is 37± 9 nm (Figure 3.2.3 (c)). The nanofibers accrete, the accretion 

may be related to the presence of chloride ions, which generate a large number of 

agglomerated nanofibers as a consequence of the PANI backbone coiling effect caused by 

salt formation with the chloride ion [48]. The nanowhiskers generated in our investigation 

Figure 3.2.2 Graphical illustration of PANI synthesis via rapid polymerization 

method 
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had a reduced average thickness when compared to previously reported data using a similar 

method [49]. The decreased thickness size of PANI in this work may be a result of the 

experimental circumstances such as the extended polymerization times result in the creation 

of smoother and thinner PANI  nanowhiskers, with the possibility of longer PANI 

nanowhiskers [50]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.3.2 XRD  

Figure 3.2.4 shows the XRD profile of the prepared PANI exhibited four unique peaks centred 

at 2θ = 9◦,15°, 21°, and 25°, corresponding to the (011), (020),(100), and (200) crystal planes 

of PANI and all peaks are concurring with the outcomes  of Pouget et al. and Rahul et al [51 & 

52]. These peaks show that the PANI produced is semi-crystalline. This inherent semi-

Figure 3.2.3 TEM micrographs (a & b) and (c) average particle size histogram of PANI 
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crystallinity, according to the literature, is caused by the existence of polar nitrogen sites in the 

polymer backbone[53]. Additionally, the presence of polarons improves this crystallinity, 

resulting in increased conductance. The inter-chain spacing between neighbouring benzene 

rings causes the peak at 2θ = 21°, and the degree of conjugation in PANI nanofibers causes the 

peak at 2θ=25°[54 & 55].  

 

 

 

 

 

 

 

 

 

3.2.3.3 FT-IR Spectroscopy 

Figure 3.2.5 clearly shows that there are typical absorption bands, as given in Table 3.2.1, 

where the peak at 3440 cm-1 represents the N–H stretching peak for secondary aromatic amine 

and an aromatic bond's C-H stretching is responsible for a 2918 cm-1 peak and the band at 1293 

cm-1 represents the C–N stretching band [56]. The major bands of protonated PANI are at 1632 

and 1474 cm-1 are due  to the stretching vibrations of the quinonoid and benzenoid rings, 

respectively. "The band at 1632 cm-1 is caused by the C = C vibration of the quinonoid ring 

(Q), while the band at 1474 cm-1 is caused by the C = C vibration of the benzenoid ring (B)" 

[57]. Protonation "doping" of PANI is demonstrated by the appearance of a band at 2363 cm-1 

that carries the stretching vibration of (NH+) tertiary amine salt [58]. PANI formation is 

indicated by the band at 609 cm-1, which is suggestive of para scattered aromatic rings. [59-

61]. Because the stretching vibration of B-NH+=Q, a strong band at 1140 cm-1 and a broad 

strong absorption tail at 2300-2800 cm-1 appear, and these two bands are considered the most 

important FTIR bands to evidence that high electrical conductance and a elevated degree of 

Figure 3.2.4 XRD diffractogram of PANI 
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electron delocalization in polyanilines exist [62]. When compared to undoped PANI made in 

the same way by Kotresh et al. [63], the doped PANI had lower peak intensities and moved to 

lower wavenumbers, which is due to the HCl dopping. 

Table 3.2.1 Assignments of main FTIR bands of PANI 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.3.4 BET  

The particulate characteristics of PANI, such as surface area, pore size, and pore volume, were 

examined using the BET technique in nitrogen adsorption and desorption environments. Table 

3.2.2 shows the particulate properties of PANI, such as surface area, pore size, and pore vol-

ume, which were determined to be 30.2 m2g-1, 32.8 nm, and 0.25 cm3g-1, respectively. The 

curves reveal Type-I isotherms typical of mesoporous and microporous materials with pore 

 

Figure 3.2.5 FT-IR spectra of PANI 
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diameters ranging from 4 to 100 nm (figure 3.2.7 (a)). Type-I isotherms have a significant rise 

in the amount of nitrogen adsorbed and desorbed at high relative pressures. The specific surface 

area achieved in this study is equivalent to that reported by Xu et al and Ayad et al for PANI 

produced under identical polymerization conditions [64 & 65]. 

 

 

3.2.3.5 UV-Vis spectroscopy  

The UV-Vis spectrum of PANI is shown in Figure 3.2.7. The figure shows three distinct ab-

sorption peaks; the indication of PANI conductive polymer formation is the maximum ab-

sorption peak at 222-338 nm, which represents a 𝜋 → 𝜋 ∗ transition of a conjugated ring sys-

tem, and the absorption band at 351 nm, which may be ascribed to  𝑛 → 𝜋 ∗ transition, these 

findings support the development of polaron bands in the bandgap of polymers after HCl 

doping [66]. The exciton absorptions of quinoid units are responsible for the third absorption 

peak at 589-600 nm. These findings are consistent with the findings in previous research re-

ports. [67]. 

Table 3.2.2 BET surface area, pore size and pore volume distribution of PANI 

Figure 3.2.6 (a) BET isotherm curve and (b) Pore size distribution curve of PANI 
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3.2.4. Conclusion 

 

XRD, FT-IR, UV-Vis, TEM, and SEM images were used to validate the successful synthesis 

of HCl doped PANI through the rapid polymerization method. The XRD analysis revealed that 

PANI is polycrystalline. FT-IR research also revealed that PANI was successfully doped, re-

sulting in reduced peak intensities and peak shifts to lowered wavenumbers in the presence of 

counter ions. Uv-Vis analysis revealed that all of the expected PANI transitions were found, 

verifying polyaniline's efficient HCl doping. PANI had an average size of 37±9 nm according 

to TEM and BET surface area, pore size and pore volume were determined to be 30.2 m2g-1, 

32.8 nm and 0.25cm3g-1, respectively. 

 

 

Table 3.2.3 Uv-Vis absorption peak positions of PANI 

Figure 3.2.7 UV-Vis spectra of PANI 
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CHAPTER 4 

SYNTHESIS AND CHARACTERIZATION OF 

ONION-LIKE CARBON 

 

4.1 Introduction 

OLCs (Onion-like carbon) are fullerenes composed of several layers that may take on a circular 

or noncircular shape. They are made up of multiple layers of sp2 graphene sheets. They were 

given this name because the sheets are organized in an onion-like arrangement, which gives 

them their appearance [1]. OLCs are also known by a variety of other names, including "carbon 

onions," "multi-shelled fullerenes," "Bucky-onions," and "onion-like carbons," among others 

[2]. They typically have a diameter of between 2 and 200 nm, depending on the synthesis pro-

cedure and the conditions under which they are formed. A broad number of applications have 

benefited from the extraordinary features of carbon nano onions, which have prompted signif-

icant research interest in this area. OLCs exhibit remarkable electrical and structural properties 

as compared to other materials, such as the capacity to receive electrons transiently, a high 

specific surface area ratio, and broad absorbance bands (extended pi-system) [3]. 

OLCs are used in some broad applications because of their unique physical and chemical prop-

erties including electronics, optical limiting, catalysis, conversion and storage of energy, hyper 

lubricants, sensors, and applications in biology and the environment. Conductivity is one of the 

most fascinating physical properties of OLCs [4]. There are numerous methods for the produc-

tion of OLCs and the most popular methods include thermal annealing of nano-diamonds 

(NDs), water submerged graphite electrodes in the arc-discharge process [5], flame synthesis 

or pyrolysis [6], CVD (chemical vapour deposition) [7], ion injection [8], and electron beam 

irradiation [9]. A variety of onion shapes and sizes are available, including miniature, medium, 

big, spherical, polyhedral, thickly cored, hollow cored, and hollow, thinly cored onions. 

Even though some of these technologies can produce high-quality OLCs, creating OLCs on 

gram scales requires a series of complex operations. Transition metals may be used as catalysts 

in CCVD (catalytic chemical vapour deposition) for example. While high purity products may 
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be produced with this method, it is a costly technique because of the cost of the metallic cata-

lyst(s) [10]. It is also necessary to use strong acids (like nitric acid) to remove the leftover metal 

catalyst nanoparticles from the as-synthesized OLCs [11]. A suction setup working at temper-

atures over 1000 °C is required for the thermal annealing of nano-diamonds to create higher 

quantities of OLCs [12]. 

Owing to the shortcomings of the aforementioned methodologies, researchers have examined 

the use of different carbon precursors to produce OLCs without or with fewer hurdles. Among 

the natural carbon sources that Ahmed et al. used were carrots and tomatoes [13]. In a previous 

study, OLCs were used in supercapacitor by Mohapatra et al. [14]. Essential oil-derived OLCs 

for photocatalytic studies were also reported by Tripathi et al. [15]. To manufacture more 

OLCs, the use of these precursors may be classified as a metal catalyst-free synthesis strategy, 

which is less expensive and less difficult to execute. Since they are less prone to contamination 

and production expenses, they offer an advantage over other procedures such as arc discharge 

and thermal annealing methods [16].  

In this study, OLCs were synthesized utilizing a simple traditional flame synthesis technique 

(FP), which enables continual OLC creation in the air with minimal complications. This pyrol-

ysis method uses petroleum products (e.g., ghee oil, flaxseed oil, paraffin oil, candle wax, etc.) 

to produce a large amount of OLCs on a gram scale. The synthesized OLCs will further be 

utilized (chapter 6) for gas sensing applications at room temperatures due to benefits such as 

simplicity of functionalization, the ease of surface modification with polymers, and the high 

density of active sites that make them ideal for gas sensing [17].  

The structural morphologies of OLCs created using this method are similar to those of an onion, 

with circular multi-layers and a spherical architecture. Analysis of the prepared OLCs made 

use of XRD (X-ray diffraction), SEM (scanning electron microscope), TEM (transmission elec-

tron microscope), FTIR (Fourier Transform Infrared spectroscopy), UV-Vis (ultraviolet-visi-

ble spectroscopy), TGA/DTA (thermogravimetric Analysis and differential Thermal Analysis) 

and Raman spectroscopy.  

4.2 Procedure for conducting experiments 

 

4.2.1 Reagents 
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Ethanol used in this study was bought from MK Chemicals (South Africa). OLCs were ob-

tained using candlesticks (Rite brand) purchased from Shoprite Supermarket in Johannesburg, 

South Africa. A polished brass collecting plate (BCP, 140x140x1.5 mm) and a metal stand 

(refer to Figure 4.1) were made in the physical sciences workshop at the University of the 

Witwatersrand. 

 

 

 

 

  

 

 

 

4.2.2 Synthesis of OLCs using candlesticks 

For this study, OLCs were synthesized using a fairly simple approach (Figure 4.2) [18]. The 

OLCs were gathered by burning candlesticks with a polished brass collection plate placed on 

the surface of candle flame of the candle for 6 hours to collect the OLCs generated on the 

surface. After collecting enough material, OLCs were scraped from the brass collection plate 

with a clean spatula, refined in ethanol using a centrifuge, and stored in a vial after drying at 

60 °C for 2 hrs. 

 

 

 

 

 

Figure 4.2 Graphical illustration of OLCs synthesis via flame pyrolysis method 

b a 

Figure 4.1 Photographs of (a) metal stand and (b) brass collecting 

plate 



 

 
77 

4.2.3 Characterization techniques 

A Bruker Tensor 27 Fourier Transform Infrared spectrometer was used for the FTIR spectros-

copy analysis. After dispersing the samples in ethanol, dropping them on a carbon tape, and 

coating them with a layer (10 nm) of gold-palladium and a layer (10 nm) of carbon, SEM 

examination was done at 20 kV on a ZEISS SIGMA 03–39 FESEM. The materials were dis-

seminated in ethanol by ultrasonication and then put onto a lace carbon copper grid for TEM 

examination using a Tecnai Spirit T12 at 120 kV. ImageJ analysis software was used to deter-

mine the particle sizes of TEM OLCs. The thermal analysis was performed on a Perkin Elmer 

TGA 6000 thermogravimetric analyser with high-purity nitrogen and air at a heating rate of 10 

C/min and a gas flow rate of 10 mL/min. PXRD data were gathered using Cu radiation on a 

Bruker D2 Phaser. The surface area and pore volume were determined using a Micromeritics 

Tristar 3000 surface area and porosity analyser. A Bruker Raman Senterra spectrometer with a 

514 nm excitation laser was used to make Raman spectroscopy observations. 

4.3 Discussion of the findings 

4.3.1 XRD  

The XRD technique was utilized to identify and characterize the polycrystalline phase pre-

sented by the synthesized OLCs. By employing this approach, we were able to study the 

crystallinity and/or polycrystallinity of OLCs by examining the atomic arrangements acquired 

from X-ray diffraction. The diffractogram in Figure 4.3 demonstrates that the OLCs were 

predominantly constituted of polycrystalline carbon atom configurations free of extraneous 

impurities. OLCs patterns revealed carbon peaks at 25 ֯ and 43.5 ֯, correlating to carbon planes 

(002) and (004), respectively, confirming that the material is a polycrystalline carbon 

nanomaterial. The presence of a peak centred on 43.5 ֯, on the other hand, indicates that the 

OLCs generated include graphitic carbon domains [19].  

 



 

 
78 

 

 

 

 

 

 

 

 

 

 

4.3.2 TEM  

The TEM images of OLCs nanoparticles are shown in Figure 4.4. These images show a 

spherical morphology Figure 4.4 (a). Figure 4.4 (b) indicates that these spheres are made up of 

layers, confirming the onion-like nature of the structure. The synthesized material contains 

nanoparticles that aggregate to create bigger conglomerates. As indicated in figure 4.4 (c) by 

the red arrows, the OLCs overlap to produce chain-like quasi-spheres, as a result, a solitary 

nanoparticle is rarely detected in the microscopy data The nanoparticles were discovered to 

have an average diameter of 38 ± 9 nm (figure 4.4 (d)). Although the synthesized OLCs are 

multi-layered, determining the number of shells was difficult. 

Figure 4.3 XRD profile of OLCs synthesized from candlesticks 
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4.3.3 SEM 

SEM was used to analyse the architecture of generated OLCs. The SEM images of OLCs are 

shown in Figure (4.5 (a & b). These images demonstrate the spherical shape of OLCs with 

average size of ~ 38 nm. The TEM study of OLCs, as shown in figure 4.4, corroborates with 

the SEM findings.  

 

 

 

 

 

 

 

Figure 4.4 TEM micrograph, (a) NPs, (b) Multi layers, (c) Chain-like connection 

and (d) particle size distribution of OLCs 

Figure 4.5 SEM micrographs of OLCs 
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4.3.4 BET  

The surface area, pore size, and pore volume of the OLCs were determined using the BET 

technique. In nitrogen adsorption and desorption environments (Table 4.1 and Figure 4.6). The 

pore diameter was ~19.3 nm and the BET surface area was 85, 7 m2/g, indicating that the 

material is mesoporous. OLCs have an adsorption-desorption isotherm that is a type I (Figure 

4.6 (a)). According to Mongwe et al., the precursors utilized throughout the synthesis process 

have a significant impact on the BET surface characteristics of OLCs (surface area and pore 

size) [20]. Figure 4.6 (b) depicts the pore size distribution curve of OLCs, which have mostly 

mesoporous structures with pores ranging in diameter from 2 to 50 nm.  

Table 4.1 BET surface area, pore size and pore volume distribution of OLCs 

 

4.3.5 FT-IR  

Figure 4.7 depicts the FTIR spectrum of the OLCs which exhibits graphitic carbon peaks. 

The doublet at ~2929 cm-1, as well as the peaks at 2159-2112 cm-1, suggest C-H unsymmet-

rical and symmetric stretching vibration modes and C-C stretching vibration modes respec-

tively (see Table 4.2). These findings support the hypothesis that the sample is made of hy-

Figure 4.6 (a) BET isotherm curve and (b) Pore size distribution curve of OLCs 
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drocarbon-based compounds [22]. A strong peak arises about 2549 cm-1; this peak can be at-

tributed to carbon dioxide (CO2), which is one of the pyrolysis (i.e. combustion) products 

trapped by the OLCs [23]. Additionally, other functional groups with selective peaks, such as 

C=C and C-C, appear at 1973 cm -1 and 938 cm-1, respectively, as a result of bending or dis-

tortion vibration modes. [24 & 25].                  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.6 Raman spectroscopy  

The Raman spectra of OLCs is depicted in Figure 4.8. The spectra were excited at 514 nm. 

Raman spectroscopy calculates the quantity of the order in a material by analysing the propor-

tion of sp2 to sp3 carbon atoms, which is related to the intensity and shape of the D and G bands 

[26]. The most distinct signals, located at approximately 1337cm-1 and 1592 cm-1, are referred 

to as the D band and G band, correspondingly. The G band is linked with the E2g mode of sp2 

hybridized carbons, while the D band is linked with the breathing mode of the sp2 carbon rings, 

Table 4.2 Assignments FTIR bands of OLCs 

Figure 4.7 FTIR spectrum of OLCs 
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which is activated by defects in the fullerene network caused by the presence of oxygen-rich 

functional groups, as well as an increase in the sp3 hybridized carbons as a result of the in-

creasing disorder caused by covalent functionalization [27]. 

 

 

 

 

 

 

 

 

4.3.7 Thermal stability  

Figure 4.9 illustrates the Thermogravimetric Analysis (TGA) and Differential Thermogravi-

metric (DTA) curves of OLCs in air. The TGA curve demonstrates that the OLCs decompose 

completely (zero percent sample residue) through the heat combustion process, as illustrated 

in figure 4.9 (a). As a result, the TGA profiles observed imply that the materials undergo fast 

oxidative decomposition [28]. Figure 4.9 (b) depicts the first-order derivative weight loss curve 

for OLCs. The first-order derivative weight loss (FDW) graph indicates that the decomposition 

peak occurs around 667 degrees Celsius, the rapid mass-loss shift associated with OLC burning 

demonstrates that the material is a homogenous single phase with minimal impurities [28]. 

 

 Figure 4.8 Raman spectrum of OLCs 
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4.4 Conclusion 

OLCs that have been produced are mostly observed as quasi-spherical nanoparticles with an 

average diameter of 38±9 nm and circular multi-layers. The OLCs were primarily polycrystal-

line and clean of unwanted impurities, according to XRD analysis. FT-IR analysis demon-

strated that OLCs were successfully synthesized, with multiple peaks of interest. SEM showed 

that the synthesized OLCs are spherical in agreement with the TEM data. The BET surface 

area, pore size, and pore volume were determined to be 85.7 m2g-1, 19.3 nm, and 0.38 cm3g-1, 

respectively. According to the literature, the features of OLCs such as surface area and pore 

volume are dependent on the type of precursor utilized. TGA analysis revealed that OLCs com-

pletely decompose following heat treatment and that the decomposition occurred at around 667 

degrees Celsius. Raman spectroscopy revealed a D-band (1337 cm-1) and G-band (1592 cm-1) 

that are both characteristics of OLCs. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 Thermographic profile (a) and (b) first derivative weight loss curve of OLCs 
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CHAPTER 5 

SYNTHESIS AND CHARACTERIZATION OF 

PANI/In2O3/OLCs COMPOSITE FOR ROOM TEMPER-

ATURE GAS SENSING APPLICATION 

 

5.1 Introduction 

Ammonia (NH3) is a poisonous chemical that is used in technical installation operations and is 

commonly used in biological processes (cooling systems, chemical industry, and automotive 

industry). The American Conference of Industrial Hygienists has set limits of 25 ppm for long-

term (8-hrs) exposure and 35 ppm for short-term (15-minute) exposure to NH3 [1]. In medicine, 

NH3 levels in the breath between 2500 and 5000 parts per billion (ppb) are linked to organ 

malfunction and diabetes [2]. As a result, developing new methodologies and sensors that can 

identify minor ammonia concentrations accurately and quickly is very desirable. High sensi-

tivity, increased selectivity, fast response time, reproducibility, high reliability, reduced energy 

consumption, low cost, safety, and broad range of measurement at varied operation tempera-

tures, are all required for such sensors [3]. 

Consequently, portable and low-cost, solid-state chemiresistive-type gas sensors seem to be 

one of the effective options for gas detection. An elevated operating temperature of 200 to 400 

°C is required for typical metal oxide semiconductors with broad energy band gaps, which 

necessitates a high power supply and hence limits their widespread use [4]. Elevating the work-

ing temperature is an effective method for overcoming the material's high activation energy 

and so improving the gas detecting performance of chemiresistive-type sensors [5]. When com-

pared to a sensor functioning at room temperature, a thermally enhanced sensor is more exten-

sively employed. For inflammable and explosive gas detection, the thermal-activated approach, 

on the other hand, poses too many risks [6]. In addition, raising the working temperature may 

impair the gas sensors' appropriateness and dependability, as has been previously noted [7].  

Incorporating n-type metal oxide semiconductors, such as In2O3, SnO2, CeO2, and CoFe2O4, 

into carbon-based materials and CPs (conducting polymers) may increase the sensing capabil-

ities of manufactured nanocomposites [8]. Carbon materials such as OLCs have been identified 

as possible candidates for gas sensing at room temperature [9]. Particularly, the wide surface 
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area, ballistic charge transport, and low noise properties of carbon materials all contribute to 

this enhanced sensing capability at low temperatures [10-11].  

Using conducting polymers (CPs) as a sensing material is advantageous since the electronic 

transmission between CPs and gas molecules increases as gas vapour adsorption increases. For 

sensing applications, polyaniline (PANI) is widely used because of its simple synthesis, great 

doping/de-doping chemical reaction, high conductivity, amazing environmental stability, and 

good NH3 response [12]. Xue et al. discovered that a PANI/carbon nanotube (CNT) composite 

outperformed pure PANI in terms of sensing performance and stability at ambient temperature 

[13]. PANI and SnO2 were used to create a flexible thin-film sensor by Yu et al. For ammonia 

and benzene gas, the manufactured nanocomposites demonstrated an enhanced reaction time 

and decreased recovery time, according to the researchers' findings [14]. 

By drop casting a PANI/CeFe2O4 nanocomposite on flexible PET film, Saleh et al. created an 

ammonia gas sensor. Their findings demonstrated good ammonia gas detecting capability in 

the 1–50 ppm range at ambient temperature [15]. The present study discusses the production 

of a novel ternary nanocomposite using the conducting polymer PANI, In2O3 nanoparticles, 

and OLCs as electrode layers for gas sensors that detect ammonia at concentrations range of 

25-125 ppm. TEM (transmission electron microscope), SEM (scanning electron microscope), 

XRD (X-ray crystallography), FTIR (fourier-transform infrared spectroscopy), and BET 

(Brunauer-Emmett-Teller) were used to characterize the synthesized ternary nanocomposites. 

 5.2 Procedure for conducting experiments 

5.2.1Reagents 

Dimethylformamide (DMF) was acquired from ACE chemicals and used without further puri-

fication. B-In2O3, Y-In2O3, PANI and OLCs were synthesized in this work (Chapter 3, 4 & 5) 

and they were also used without further treatment. 

5.2.2 Synthesis of In2O3/PANI/OLCs nanocomposite 

Known amounts (refer to table 5.1 and figure 5.1) of B/Y-In2O3, PANI, and OLCs were dis-

persed separately in known amounts of DMF, and then the B/Y-In2O3 and OLC solutions were 
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added dropwise to a PANI solution. For 48 hours, the ternary solution was agitated. After cen-

trifuging the solution for 20 minutes, the DMF supernatant was decanted, and the 

In2O3/PANI/OLCs precipitate was oven dried for 24 hours at 100 ° C. 

Table 5.1: Variation of Y-In2O3 and B-In2O3 loadings on the composites 

 

 

 

 

 

 

 

 

5.2.3 The preparation of sensing electrode 

10 mg of each composite powder was dispersed in 8 ml of DMF, stirred for 30minutes and the 

solutions were sonicated for 30 minutes, after which 10 micro litters of each solution was drop 

casted on an interdigitated electrode and allowed to air dry for 24 hours (Figure 5.2).  

Figure 5.1 Graphical illustration synthesis of In2O3/PANI/OLCs 
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5.2.4 Characterization techniques 

A Bruker Tensor 27 Fourier Transform Infrared spectrometer was used for the FTIR spectros-

copy analysis. On a ZEISS SIGMA, SEM analysis was performed. The TEM examination was 

performed at 120 kV using a Tecnai Spirit T12, and the samples were ultrasonically dispersed 

in ethanol before being put onto a lace carbon copper grid. PXRD data were acquired using Cu 

radiation on a Bruker D2 Phaser, with each scan lasting 1 hour. The PXRD metal particle sizes 

were calculated by applying the Scherer equation to the most prominent peaks in the relevant 

PXRD diffractogram using the Eva diffraction software. The surface area and pore volume 

were determined using a Micromeritics Tristar 3000 surface area and porosity analyser. 

5.3 Discussion for conducting experiments 

5.3.1 TEM  

Figure 5.3 (a-e) depicts TEM images that were taken to examine the morphology of 

OLCs/PANI/In2O3 composite materials. Figure 5.3 (a) depicts the image of a B-IPC1 compo-

site. It is difficult to identify B-In2O3 nanoparticles on the composite structure due to a low B-

In2O3 loading while a mixture of OLCs and PANI can be noticed. Figure 5.3 (b & c) exhibit B-

IPC2 and Y-IPC composites respectively. Both samples exhibit a sheet-like morphology of a 

mixture of OLCs and PANI with apparent (circled in blue) B-IPC2 nanoparticles on the surface, 

however, Y-IPC nanoparticles appeared sparsely on the composite surface.   As the mass load-

ing of B-In2O3 on B-IPC3 and B-IPC4 was increased to 4.6 and 6 mg respectively, bigger sheets 

of PANI formed as illustrated by the area highlighted red cursive brackets in Figure 5.3 (d). 

Figure 5.2 Graphical illustration of the preparation of In2O3/PANI/OLCs sensing electrode 

 



 

 
91 

Because of the large mass loading, nanoparticles were more consistently distributed when com-

pared to composites with lower indium oxide loadings. The morphology of OLCs is preserved 

throughout the composites, as indicated by the yellow circles. 

 

 

5.3.2 SEM 

SEM images of the ternary In2O3/PANI /OLCs composites are shown in Figure 5.4. As shown 

from Figure 5.4 (a), the morphology of B-IPC1 appears to have formed stacked plates and can-

not be differentiated from individual particles. Figure 5.4 (b) display an irregular morphology 

of B-IPC2. The morphological examination of Y-IPC nanocomposite is shown in Figure 5.4 

(c), the composite has an uneven shape and the particles are larger and smoother than those of 

B-IPC2. In Figure 5.4 (d & e), a massive sheet-like morphology emerges alongside aggregates. 

Arulmani et al. described the transformation of PANI's morphology in the presence of Ni2+ 

(nickel ion) is caused by the coordination of nitrogen in the polymer backbone with Ni2+, re-

sulting in the morphological transition of nanofibers to enlarged nanofibers. They also reported 

that sonication facilitates the coordination [16]. 

Figure 5.3 TEM micrographs of In2O3/PANI/OLCs composites, (a) B-IPC1, (b) B-IPC2, (c) Y-IPC, (d) B-IPC3 and (e) 

B-IPC4 
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5.3.3 XRD  

Figure 5.5 shows the XRD analysis used to study the crystalline phases of the prepared samples. 

The B-IPC1 diffractogram displays peaks that correspond to PANI and OLCs with lower In2O3 

loading. Both PANI and OLCs have a formation confirmation at roughly 25 θ degrees, PANI 

peak imbricated OLCs' peak, and this is also evident in other composites. As the indium oxide 

loading increases, all XRD patterns (B-IPC2, Y-IPC, B-IPC3 and B-IPC4) reveal the presence 

of all constituents of the composite, and additional peaks on B-IPC4 emerged (indicated by blue 

circles) in the composite structures, which are attributed to newly formed layers observed in 

Figure 5.4 (d & e), at high In2O3 loadings. The intensity of the In2O3 peaks in the Y-IPC com-

posite is higher when compared to the intensity of the In2O3 in all the composites containing 

B-IPC, which may be owing to increased periodicity in Y-IPC nanoparticles when compared 

to B-IPC nanoparticles. 

Figure 5.4 SEM micrographs of In2O3/PANI/OLCs composites, (a) B-IPC1, (b) B-IPC2, (C) Y-IPC, (d) B-IPC3 

and (e) B-IPC4. 
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5.3.4 BET  

The Brunauer-Emmett-Teller technique was used to investigate the specific surface area, pore 

size, and volume distribution in nitrogen adsorption and desorption environments (Figure 5.6 

(a-e)). Table 5.2 lists the particulate features of samples, such as surface area, pore size, and 

volume distribution. For samples B-IPC1, B-IPC2, Y-IPC, B-IPC3, and B-IPC4, the BET surface 

areas were 20.7, 39.3, 36.9, 40.0, and 51.0 m2/g-1, respectively. The increase in B-In2O3 mass 

loading from 1.5 mg to 6 mg resulted in an increment in surface area, which can be ascribed to 

sufficient decorating of B-In2O3/OLCs on PANI matrix. When comparing Y-IPC to B-IPC2, 

there is a decrease in surface area of Y-IPC, which may be due to annealing during the synthesis 

process of Y-In2O3, which led to particle expansion, resulting in a decreased surface area of Y-

IPC composite. B-IPC1 reveal an isotherm of type I that is a characteristic microporous mate-

rial. At high relative pressures, Type-I isotherms exhibit a large increase in the amount of N2 

adsorbed and desorbed [16]. The rest of the composites reveal isotherms of type III that are 

characteristic of mesoporous materials. Pore sizes of all composites range between                          

4 and 50 nm (Figure 5.6 (f)).  

Figure 5.5 X-ray diffractogram of In2O3/PANI/OLCs nanocomposites 
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Table 5.2 BET surface area, pore size and pore volume distribution of In2O3/PANI/OLCs       

composites 
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5.3.5 FTIR  

An infrared technique was used to investigate the bonding nature of In2O3/PANI/OLCs com-

posites. Table 5.3 shows absorption bands in the composites. Interatomic vibrations in metal 

oxides produce absorption bands below 1000 cm-1 in most cases (indicated by a green rectan-

gle), this attests that Indium oxide is present in the composite [17]. Figure 5.7 shows the ab-

sorption bands of the composites. The functional groups of OLCs are represented by the peaks 

indicated by the blue dot lines. A broadening peak at around 2345 cm-1 is due to carbon dioxide 

(CO2), one of the pyrolysis (i.e. combustion) products trapped by the OLCs [18]. The band at 

1749 cm-1 demonstrates the presence of a carboxyl group (i.e. C=O) in the OLCs structural 

matrix and the bands at 2001 cm-1 and 1082 cm-1 may be attributed to C-C and C-O stretching 

vibration modes respectively. PANI peaks are denoted by red dot lines. The peak at 2909 cm-1 

is ascribed to aromatic bond C-H stretching vibrations induced by the chloride counter-ions. 

The peaks at 1580 cm-1 and 1475 cm-1 are due to the typical vibrational peaks of the PANI 

aromatic ring. The C=N bonds in quinoid rings and the C=C bonds in benzenoid rings are 

responsible for the emerged of the peak at 1280 cm-1. Benzene rings have C-H bonds that vi-

brate both in and out of the plane, the peak at 807 cm-1 is caused by this. 

 

 

 

 

 

Figure 5.6 Gas adsorption-desorption isotherm curves of (a) B-IPC1, (b) B-IPC2, (C) Y-IPC, (d) B-IPC3, (e) B-IPC4 and 

(f) Pore size distribution curves of all composites. 

 

Table 5.3 FTIR assignments bands of In2O3/PANI/OLCs 
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5.3.2 Gas sensing applications 

 

5.3.2.1 Plausible sensing mechanism  

The p–n heterojunctions created by n-type OLCs/In2O3 and p-type PANI could be ascribed to 

another NH3-sensing mechanism of the In2O3/PANI/OLCs nanofilm as depicted in figure 5.8 

(a). The bandgap structure diagram in figure 5.8 (b) shows the locations of the conduction band 

(Ec) and valence band (Ev) in In2O3, HOMO (highest occupied molecular orbital) and LUMO 

(lowest vacant molecular orbital) for PANI, and the Fermi levels (Ef) related to the vacuum 

level [20-23]. PANI and In2O3 have band gaps of 2.96 and 3.2/3.7 eV, respectively [20]. The 

occurrence of a heterojunction between p-type PANI and n-type In2O3/OLCs nanofilms results 

in the formation of a changeless electronic field of depletion region. When exposed to NH3 gas, 

the In2O3 electrons and PANI holes shift in opposite directions until the new Fermi level 

reaches equilibrium. The delay in electron transport from the n-type In2O3/OLCs nanofiber to 

the p-type PANI is due to the potential barrier, which increases the thickness of the depletion 

Figure 5.7 FT-IR spectra of In2O3/PANI/OLCs nanocomposites 
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layer and the sensor's resistance [20-21]. The p–n heterojunction acts as an indication amplifier, 

allowing for the effective detection of trace amounts of NH3 [21]. 

5.3.2.2 Gas sensing measurements 

All sensing experiments were conducted at room temperature with a relative humidity (RH) of 

40–45%. By exposing produced sensors to varied vapour concentrations of ammonia, hexane, 

acetone, and isopropanol while monitoring a variation in sensor resistance at predefined time 

intervals, the sensing capabilities of the sensors were studied, Figure 5.8 shows (a) sensing 

mechanism ternary composite and (b) bandgap structure of the composite. Specific volumes 

(µl) of ammonia, hexane, acetone, and isopropanol were injected into a closed test chamber 

through the injection port using a 10 µl syringe to reach required concentrations in ppm. Equa-

tion 5.1 was used to calculate the vapour concentrations (ppm) inside the test chamber 

[22].Where C is the vapour concentration of the analyte in ppm, V denotes the volume of the 

test chamber (µl), Vs denotes the volume of analyte in liquid form (µl), is the density of in 

g/ml, T denotes the room temperature during testing (K), and M denotes the analyses’ molar 

weight in g/mol. 

 

 

 

Figure 5.8 Schematic depiction of (a) sensing mechanism and (b) bandgap structure diagram of 

 In2O3/PANI/OLCs nanocomposites (adopted from [20]) 
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Particular volumes of ammonia, hexane, acetone, and isopropanol in microliters were injected 

separately inside a closed test chamber using a micro syringe for gas sensing measurements 

(Figure 5.9). Resistance increased after a brief induction period, indicating that a chemical 

change had occurred on the detecting film's surface. This chemical change was translated into 

a legible output signal, such as a change in resistance signal, by the LCR 6300 multimeter 

(response). To reverse the chemical change, a vacuum pump was used to pump out the gas 

analyte inside the test chamber and replace it with ambient air. A response vs recovery phe-

nomenon [23] is another name for this reversible process. Changes in resistance were calcu-

lated as a function of analyte gas concentrations in this study. 

 

 

 

 

 

 

 

 

 

 

5.3.2.3 NH3 sensing performance of In2O3/PANI/OLCs nanocomposite 

The In2O3/PANI/OLCs nanocomposite sensor was used to detect NH3 at room temperature at 

concentrations ranging from 25 ppm to 125 ppm and to assess the NH3-sensing capability of 

the composite sensor, which can be used in the automotive and chemical industries. Figure 

5.10(b) compares the NH3, sensing performance of the In2O3/PANI/OLCs sensor to that of the 

PANI, OLCs and PANI/OLCs sensors. It is clear that composite sensors have a higher response 

than sensors that solely contain PANI, OLCs, or PANI/OLCs.  

Figure 5.9 Image of gas sensing equipment used in this study 
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Figure 5.10 (a) depicts the detecting performance of five In2O3/PANI/OLCs ternary nanocom-

posite sensors; the results indicate that all five sensors' responses had nearly the same pattern, 

but the response values of the sensors at the same concentration were extremely diverse. The 

B-IPC4 sensor undoubtedly had the highest response of the five sensors tested. Since B-IPC4 

has the highest response among all sensors, response time, reproducibility, and the ability to 

detect other gases was primarily reported on it; however, as stated in Chapter 3, the efficacy of 

sensors based on B-In2O3 and Y-In2O3 was also compared. 

 

5.3.2.4 Sensing performance of B-IPC4 

The B-IPC4 sensor is shown in Figure 5.11(a) detecting ammonia NH3 at concentrations rang-

ing from 25 ppm to 125 ppm. These results demonstrate that the sensor's response increases 

rapidly as the concentration of NH3 increases and subsequently decreases significantly to its 

initial value following exposure of the sensor to air. The response and recovery times of any 

sensor are among the most essential factors; they indicate how quickly the sensor responds in 

the vicinity of analyte vapour and how quickly it can recover in air (after exposure to the analyte 

is terminated). As a result, the response time was considered a prerequisite for the sensor to 

attain 90% of its maximum response (saturation) after the test gas was injected, and the recov-

ery time was described as the time needed for the sensor to regain 90% of its response after the 

analyte gas was removed [24]. Sensor B-IPC4 had the reaction time of 2.2 minutes and the 

recovery time of 4.6 minutes at 100 ppm ammonia concentration (see Figure 5.11 (b)). At 100 

ppm of analyte vapour concentration, the repeatability of the B-IPC4 sensor was evaluated. The 

Figure 5.10 (a) dynamic response–recovery curves of In2O3/PANI/OLCs and (b) response of all nanocomposite 

constituents 
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test was repeated four times, as indicated in figure 6.11(c); after four rounds, the sensor retained 

its initial sensing capabilities without losing sensitivity. Figure 6.11(d) shows the sensitivity 

curve derived from dynamic response-recovery curve of B-IPC4, with 0.6434 ppm and R2 value 

of 0, 9986. 

  

The selectivity of synthetic gas sensors is crucial for practical applications. Actually, gas sen-

sors are typically exposed to a wide range of analytes, and it is presumed that the analyte of 

interest is accurately detected without interference from other gases. At a concentration of 

100 ppm, Figure 5.12 shows the selectivity of the B-IPC4 sensor toward ammonia (NH3), iso-

propanol (C3H8O), hexane (C6H14), and acetone (CH3COCH3). It was clearly demonstrated 

that the B-IPC4 sensor had a high-level response characteristic to ammonia but little response 

to other gases. 

 

Figure 5.11 (a) dynamic response-recovery curve, (b) response-recovery time plot, (c) re-

producibility curves and (d) sensitivity curve of B-IPC4 sensor 
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5.3.2.5 NH3 sensing performance of Y-In2O3 and B-In2O3 

The response curves for B-IPC2 and Y-IPC are depicted in figure 5.13(a). In the concentra-

tion range of 25 ppm to 125 ppm of NH3 at ambient temperature, Y-IPC exhibits the strong-

est response compared to B-IPC2.  Figure 5.13 (b) depicts the gradients of the plots which 

were utilized to determine the sensors' sensitivities, the estimated gradients of 0.432 ppm and 

0.320 ppm belong to gas sensors Y-IPC and B-IPC2, correspondingly. Y-IPC had an R2 value 

of 0.9263 while sensor B-IPC2 had an R2 value of 0.9901. The R2 value for B-IPC2 is greater 

than that for Y-IPC, because the graph demonstrated a more linear relationship. This is due to 

the reduction free accessible volume required for vapour diffusion due to the particle sizes 

(refer to table 3.1.3) [25, 26] small particle size results in increased vapour diffusion on the 

sensing material's surface. Over four cycles, the repeatability of both sensors was determined, 

and both sensors preserved their sensitivities. Response times were 2.4 minutes for B-IPC2 

and 2.8 minutes for Y-IPC, and recovery times were 5.4 minutes for both B-IPC2 and Y-IPC 

at 100 ppm ammonia concentration. 

Figure 5.12 The selectivity of B-IPC4 tested at 100 ppm towards NH3, C3H8O, C6H14 and CH3COCH3 
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 5.4 Conclusion  

In2O3/PANI/OLCs hybrids as sensing materials were successfully fabricated. TEM and SEM 

revealed that mass loading increment of Y/B-In2O3 led to the emergence of sheet-like mor-

phology of PANI nanofibers. The presence of the principal bands of all constituents in FTIR 

verified the development of Y/B-In2O3/PANI/OLCs composites. XRD analysis revealed that 

the prepared composites are polycrystalline, with the appearance of new additional peaks as 

the indium oxide loadings increased. The BET surface area rose as the metal loading in-

creased, and the composites have pore diameters ranging from 4 to 40nm. Sensors based on 

the Y/B-In2O3/PANI/OLCs ternary nanocomposite were successfully fabricated; sensor B-

IPC4 demonstrated the highest response of all sensors, with response and recovery times of 

2.2 minutes and 4.6 minutes, respectively. B-IPC4 was found to be selective for ammonia 

when tested against NH3, C3H8O, C6H14, and CH3COCH3. Y-IPC sensor outperformed B-

IPC2 sensor in terms of response.  

 

Figure 5.13 (a) Response–recovery curves, (b) sensitivity curves of B-IPC4 & Y-IPC, (c) reproducibility 

curves, (d) and response-recovery time plots of B-IPC2 & Y-IPC sensors 

 

and (b) response–concentration fitting curves, (c) reproducibility curves, (d &e) response-recovery plots of Y-In2O3 

and B-In2O3 sensor. 
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5.6 Supplementary data 

 

 

 

 

 

 

 

 

 

Figure 5.14 Response–recovery curves for bare PANI/OLCs and PANI/OLCs 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 General conclusions 

The overall goal of this work was to develop room-temperature gas sensors on the basis of 

In2O3/PANI/OLCs ternary nanocomposite using In2O3 material obtained through green chem-

ical methods. As of yet, no reports have described a room temperature gas sensor using the 

above-mentioned composite. The outcomes of experiments presented in chapters 3, 4, 5, and 6 

reveal that the precise objectives outlined in chapter 1 were met. Study findings are summarized 

as follows: 

Historically, In2O3 materials have been obtained through simple chemical methods. However, 

microwave hydrothermal processing has rarely been used to fabricate these materials. The so-

lution-phase approach and ligand-free method were used successfully to synthesize Y-In2O3 

nanograins and B-In2O3 nanorods, with the use of microwave radiation at 700 watts for ten 

minutes. The average crystallite size of B-In2O3 and Y-In2O3 was estimated at approximately 

9.4 nm and 10.7 nm, respectively. A variety of characterizations were performed, including 

TEM, SEM, XRD, FT-IR, UV-vis, BET and XPS. 

A rapid polymerization method was used to produce PANI nanofibers with an average size of 

around 37 ± 9nm utilizing aniline as a monomer and ammonium sulphate as an oxidant. The 

conductivity of polyaniline was enhanced by doping it with 1M of HCl. Analysis of XRD pat-

terns and UV-vis spectroscopy confirmed the doping effectiveness. Additional characteriza-

tions by FTIR and BET, confirmed successful formation PANI, due to the existence of          

1632 cm-1 and 1474 cm-1
 vibration modes (FTIR), which were ascribed to the quinoid and ben-

zenoid rings, and BET surface area was found to be 30.2 m2g-1. A flame pyrolysis method was 

used to produce quasi-spherical onion like-carbon from candle wax. The particles were              

39 ± 9 nm in diameter and exhibited Raman spectroscopy-confirmed D- and G-bands at       

1337 cm-1 and 1592 cm-1, respectively. A thermal stability of about 667 ° C and a BET surface 

area of 85.7 m2g-1 were also determined for the OLCs.  
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Synthesis of In2O3/PANI/OLCs nanocomposites was achieved through physical mixing, and 

the effect of In2O3 loadings were studied using TEM, SEM, XRD, FT-IR, and BET. According 

to the results, different loadings of In2O3 into the composites resulted in a notable increment in 

the BET specific surface areas, in contrast to the bare constituents of the composites. Further-

more, at higher indium oxide loadings ((4.6 mg) B-In2O3/PANI/OLCs), additional peaks in 

XRD were discovered, which are attributed to newly formed layers observed in SEM analysis, 

figure 6.4 (d &e), at high In2O3 loadings.  

Various sensors were used to study sensing of NH3 at room temperature conditions by com-

paring sensing performance of In2O3/PANI/OLCs nanocomposites at different Y/B-In2O3 load-

ings to that of bare PANI, OLCs and PANI/OLCs. The sensors that incorporated the composites 

had a higher ammonia response. When subjected to 100 ppm ammonia vapours for up to four 

cycles, composites sensors displayed good repeatability of the sensing signal. When sensors 

made from Y-In2O3 (Y-IPC) and B-In2O3 (B-IPC2) were compared towards ammonia sensing 

at 100 ppm concentration, they both had a similar response and recovery times of 2.8 and 5.4 

minutes ,2.5 and 5.4 minutes, respectively, and the sensor made from Y-In2O3 (Y-IPC) had a 

relatively higher response. The (4.6 mg) B-In2O3/PANI/OLCs (B-IPC4) sensor demonstrated a 

response time of 2.2 minutes and a recovery time of 4.6 minutes when exposed to ammonia 

vapour at 100 ppm concentration. Furthermore, due to the high response values when compared 

to other sensors, the B-IPC4 was tested for the detection of hexane, isopropanol, and acetone; 

the response for ammonia was significantly high in comparison. The high response observed 

for the (4.6 mg) B-In2O3/PANI/OLCs sensor was attributed to the high surface porosity, which 

allowed for efficient analyte gas adsorption and desorption.  

7.2 Recommendations 

The rod morphology of the indium oxide synthesized in the presence of the ethanol solvent 

was unique and this could be interesting to investigate for future electronic applications. New 

approaches for the synthesis of In2O3/PANI/OLCs nanocomposites should be investigated in 

order to improve overall morphological outline. Atomic force microscopy study of the sensing 

devices should be performed to ascertain their surface roughness and layer thickness. More 

research on the synergistic effects of In2O3/PANI/OLCs should be conducted to improve sens-
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ing and better understand the underlying sensing mechanisms. The influence of humidity fluc-

tuations on our composites' sensing behaviour should also be explored. Furthermore, it is rec-

ommended that all the sensors be investigated in the future in order to discuss the sensor’s 

response and recovery times, state of linearity, and the type of response. As such, the statement 

"The dynamic characterization (i.e., response and recovery time as well as sensitivity) for B-

IPC1, B-IPC2, B-IPC3, and Y-IPC should be investigated and contrasted or compared with that 

of B-IPC4" , Furthermore, because the source of NH3 is ammonia solution (NH3OH), which 

contains approximately 25% NH3, appropriate calculations should be performed before calcu-

lating ammonia concentrations to be detected. 

 


