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ABSTRACT 

Nickel oxide (NiO) nanoparticles along with Gallium (Ga) and Lithium 

(Li) doping of 1% have been synthesized by sol-gel method using nickel 

nitrate [Ni(NO3)2.6H2O], Gallium nitrate [Ga(NO3)3] and Lithium nitrate 

[LiNO3] in appropriate proportions. NiO nanostructures have also been 

synthesized by hydrothermal method using Nickel chloride [NiCl2.6H2O], 

DI (Deionized) water, ethanol and ammonium hydroxide. The synthesized 

samples were then subjected to characterizations like XRD, Raman 

Spectroscopy, UV-VIS Spectroscopy, FESEM, EDX and conductivity 

studies. Rietveld refinement was done for all the samples and the variation 

in bond length, bond angle, lattice parameters, crystallite size and lattice 

strain was calculated. Raman spectroscopy revealed different phonon 

modes and their frequencies which can be directly correlated with the 

XRD analysis. As reported in the literature, NiO can be both direct and 

indirect band gap semiconductor. Direct band gap of about 3.4-3.8 eV and 

indirect band gap in the range of 2.8-3.3 eV was calculated from UV-Vis 

data. FESEM and EDX data gave the appropriate particle size and 

morphology of the samples. Pressure dependent and magnetic field 

dependent conductivity studies revealed quite astounding results and 

enhancement in the conductivity with Li and Ga doping in NiO. 
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1.1 Introduction and Background: - 

In the present world, metal oxides play an important role in our 

everyday life [1]. It finds its application in diverse areas such as in modern 

electronic devices, in the manufacture of fuel cells, as corrosion resistant 

coatings and as catalysts in various chemical reaction [1]. Metal oxides are 

extremely important for human beings and contemporary industries, as 

they serve as an accessory in many compounds of daily application. In 

addition, they serve as a raw material in chemical laboratories to obtain 

bases and other compounds, since their abundance [2] makes them much 

easier to obtain and handle effectively. Distinct chemical and physical 

properties are characteristic of nanoparticles because of their smaller 

dimension and dense edges [3]. Materials in the form of nanoparticles 

have attracted interest for physical[4], chemical[4], catalytic[4], 

magnetic[4], and optical applications[4] in the recent decades. Among 

different categories of nanoparticles, transition metals such as Ni, Co, and 

Fe are gaining special interest because of their potential properties and 

applications in opto-electronics[5], electronics[5], sensing[5], medicine[5], 

and catalysis[5]. When compared to their bulk form, NPs have numerous 

physicochemical characteristics. This is because with decrease in size, 

surface to volume ratio increases and quantum effects become more 

pronounced [5], [6]. This increase in surface to volume ratio modifies the 

thermal, mechanical and catalytic properties of a material [6]. 

In the last decade, Nickel oxide (NiO) have gained a growing 

attention from the scientific community because they are cheap, easy to 

produce and isolate, and they could be employed in many applications. It 

is one among few p-type semiconductors [7], whose research has gotten a 

lot of attention in recent years because of its possible applications in a 

variety of new domains of technology. 
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1.2 Fundamental properties: -  

Crystal structure: -  

 

Figure 1.1 Crystal Structure of Nickel Oxide (fcc lattice) 

NiO nano powders have a black colour and a cubic structure with Fm3̅m 

symmetry [Figure 1.1]. NiO has the same structure as NaCl, with 

octahedral Ni2+ and O2- sites[8]. The rock salt structure is a simple 

structure to understand. The Ni:O ratio is not usually 1:1 in NiO, as it is in 

many other binary metal oxides[8]. This non-stoichiometry in NiO causes 

a color shift, with stoichiometrically correct NiO turning green and non-

stoichiometrically correct NiO turning black [9]. In contrast to NiO, it is a 

unique 3d transition-metal monoxide that crystallizes in the rock salt 

structure with substantially higher symmetry [7]. 

Each unit cell has four formula units. The ions Ni2+ and O2- are both 

octahedrally coordinated [10]. Six O2- ions in the corners of an octahedral 

form are sixfold coupled with Ni2+ ions. The Ni2+ and O2- ions occupy 

Wykoff's locations 4b (0,1/2, 0) and 4e (0, y, 1/4), respectively. The unit 

cell parameters are as follows: a = b = c = 4.1684 Å, α = β = γ = 90°, 

volume = 72.4283. The bond distance of NiO is 2.0842 Å [11]. 
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According to Density Function Theory (DFT), NiO can be both a direct 

bandgap of 3.56 eV and indirect bandgap semiconductor of 3.12 eV 

[12][13]. Energy bandgap is the difference between the energy levels of 

the valence band maxima (VB) and the conduction band minima (CB). Ni 

3d orbitals are used to infer both valence and conduction band states [14]–

[16]. The bandgap has been measured in the region of 3.5–4 eV in 

experiments[12], [13]. In some circumstances, theory and experiment 

coincide. Native defects are common in semiconductors and have a big 

impact on their electrical characteristics. In a systematic investigation, the 

optoelectronic properties of stoichiometric NiO, oxygen-rich NiO with Ni 

vacancies (NiO:VNi), and Ni-rich NiO with O vacancies were compared 

(NiO:Vo). Both NiO systems with vacancies display gap states, according 

to computational research. The majority of NiO:Vo gap states are Ni 3d 

states, whereas NiO:VNi gap states are a mix of Ni 3d and O 2p states. The 

absorption spectra of the NiO:VNi sample show prominent defect-induced 

features below 3.0 eV when compared to NiO and NiO:Vo samples. Gap 

states in the electronic density of states cause the increase in sub-gap 

absorptions in NiO:VNi. The relationship between native vacancy defects 

and NiO electrical and optical characteristics is explored for comparable 

vacancy levels, 

Morphology and particle size have significant effect on the capacitance. 

The conductivity increases as particle size decreases. The morphology is 

intimately connected to porosity and surface area [3]. High surface area 

and porosity allow for easy ion diffusion, resulting in high capacitance. 

NiO are obtained in various structural forms which includes nanoparticle, 

nanoflakes, nanowire, nanoflower, nanosheet, nanorods, nanobelt and so 

on [3].   

Optical Properties: - 

Optical properties of metal oxides are important parameters for 

optoelectronic devices. At 2.37 eV, NiO nanoparticles produce a strong 
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green band that accounts for 80% of the integrated intensity of PL spectra. 

This strange phenomenon is explained by the recombination of 

photogenerated holes that are trapped in the oxygen’s deep level vacancy 

with electrons in a shallow level just below the conducting band. 

Stoichiometric NiO emissions in the UV band at 346 nm (3.58 eV) have 

been reported in pure NiO [13]. The emission bands of this collection of 

nanoparticles range from ultraviolet to visible, suggesting that NiO 

nanoparticles are highly defective. DLE green luminescence is a defect-

related green luminescence of NiO nanoparticles that dominates the PL 

spectra about 520 nm (2.38 eV). UV emission from the near-band-edge 

(NBE) is moderate but widespread at 333–357 nm (3.47–3.72 eV). 

Exciton recombination causes UV emission, which corresponds to NiO's 

NBE transition [17], but structural flaws such as interstitial defects and 

oxygen vacancies induce DLE in the visible range, which is classified as 

DLE1 through DLE3. 

The electron hole recombination process is avoided when microscopic 

particles having substantial nickel vacancies on the surface are excited, 

resulting in decreased intensity. In big particles, thermal annealing induces 

more electron hole recombination, resulting in higher intensity UV band 

emission. Because all NiO nanoparticles emit red light at room 

temperature, they could be employed in optoelectronic nanodevices that 

emit red light, such as light-emitting diodes or laser diodes [17]. 

Materials with a high absorption coefficient in the visible region are ideal 

for this purpose. As solar cells with an absorber layer, NiO films are quite 

useful. When compared to the bulk equivalent, the band gap of NiO 

nanostructures is red shifted [15]. Various band gap ranges between 3.5 

and 4.0 eV have been observed. A bandgap of 3.4 eV was found for well-

aligned arrays of NiO nanoplates [12]. As a result, NiO absorbs light from 

the visible to the ultraviolet spectrum. Using diffuse reflectance 

spectroscopy, the NiO nanoparticle was determined to have an optical 
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band gap of around 4.47 eV, and the photoluminescence (PL) emission 

spectra of our synthesized sample revealed a prominent peak at 3.65 eV 

ascribed to the band edge transition.  

Absorption techniques are commonly used to explore the optical 

characteristics of NiO nanoparticles. Near-band-edge (NBE) and deep-

level-emission (DLE) in nickel oxide (NiO) nanoparticles of various sizes 

are influenced by nickel/oxygen vacancies and interstitial defects. 

Excitonic recombination at NiO's near-band-edge (NBE) transition 

induced ultraviolet (UV) emission, while structural defects like interstitial 

defects and oxygen vacancies induced deep-level-emission (DLE) in the 

visible range. 

Vibrational properties: - 

Raman spectroscopy examines the phonon vibrations of a lattice. 

Vibrational properties and spin phonon coupling are studied by this 

technique and depends on inelastic scattering of a monochromatic light 

[18]. Under visible and UV illumination, the Raman spectra of NiO is 

shown. The TO and LO phonon modes are represented by faint peaks in 

the ranges of 350 cm-1 to 410 cm-1 and 520 cm-1 to 580 cm-1, respectively. 

2TO (738 cm-1), 2LO (1142 cm-1), and a combination of TO and LO (913 

cm-1) phonon modes are ascribed to the stronger second-order peaks. 

Electrical properties: - 

The microstructural defects like interstitial defects and nickel vacancies 

determine the electrical conductivity of NiO. The size of nanoparticle 

influences the electrical properties. The scattering effect at grain boundary 

is reduced when the grains are bigger in size with less boundaries, thereby 

effecting the electrical conductivity [3]. NiO is a crucial component in 

nanoelectronics. A material's conductivity is influenced by structural 

changes such as grain size, grain boundary, and dopant type [19], [20]. As 
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a result, different synthesis processes, annealing temperatures, and growth 

conditions have an effect on NiO's electrical properties. Temperature 

increases NiO's electrical conductivity, mobility, and carrier concentration 

[21]. Altering the stoichiometry and crystallinity of NiO films during the 

deposition process, which are impacted by pH, ion pressure, and 

concentration during film deposition, can also modify electrical 

characteristics [22]. 

 

Magnetic Properties: - 

Magnetic nanoparticles are ubiquitously used in conducting paints, 

rechargeable batteries, chemical catalyst, optoelectronics, magnetic 

recording media, magnetic resonance imaging, etc. The physical 

properties of bulk are different from the nanoparticles. As a bulk 

substance, nickel oxide is magnetic [3]. At Neel temperature TN = 523 K, 

it undergoes an antiferromagnetic ordering transition, in which Ni-ions 

planes perpendicular to (1,1,1) align their magnetic moments parallel to 

one other, and consecutive planes with ordered moments are antiparallel, 

resulting in type II anti-ferromagnetism [3]. In this approach, Ni-O–Ni 

bonds are antiferromagnetic. NiO exhibits a rock-salt crystal cubic shape 

in the paramagnetic phase above the Neel temperature [3]. 

1.3 Applications: - 

NiO is a promising candidate for optical and electronic devices, among 

other things. Natural resources abound, and it is non-toxic and thermally 

stable. Its electrochemical characteristics and low-cost manufacturing add 

to its application. NiO nanoparticles can be used for a variety of 

applications, including high-temperature superconductors, emitters, solar 

cells, gas sensors, magnetic storage media, varistors and catalysis, 

antimicrobial activities, photoelectrochemical cells, and Li-ion batteries 

[23]. 
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Solar cells and light-emitting diodes (LED's): - 

Photovoltaic applications have made extensive use of NiO [24]. Solar dye-

sensitized cells and light-emitting diodes could benefit from NiO thin 

films. The scientific community is becoming increasingly interested in 

NiO as a clean and cost-effective energy source. NiO can be used as a 

solar cell absorber to convert solar energy into electricity directly. 

Although NiO-based solar cells have a theoretical efficiency of 22.1 

percent, the maximum practical efficiency so far is 2.30 percent. As a 

result, much more research is required to improve efficiency. OLEDs 

(organic light-emitting diodes) are a form of organic light-emitting diode 

[25]. NiO is a fast material. NiO is employed as a hole injection layer in 

several diodes to overcome the hole injection barrier[26]. The 

stoichiometry of NiO has many defects (VO, VNi). These defects act as an 

additional energy level within the bandgap NiO which may result in 

increasing the hole injection efficiency[27]. Also, good quality 

nanostructures with a high surface area may improve the effectiveness of 

NiO based solar cells. 

Photocatalytic activity: - 

Water pollution is a major problem in today’s world because many 

organic compounds in wastewater are poisonous and unable to degrade by 

themselves. Under solar UV or visible light, semiconductor catalysts can 

effectively breakdown these chemical molecules with minimal effort. 

Because of its low bandgap, NiO is a potential material for organic 

contaminant degradation and water splitting[28]. Under visible light 

exposure, NiO generates electron-hole pairs. This process also generates 

hydroxyl radicals (*HO) from water, which have the ability to mineralize 

organic compounds [29]. In the NiO water splitting process, the majority 

carriers, holes, oxidize water to O2, while the photogenerated minority 

electron charge carriers reduce water to H2. The addition of a little H2O2 to 



9 
 

the solution containing NiO nanoparticles improves their photocatalytic 

activities. NiO's photocatalytic capabilities are highly influenced by its 

shape and size [28]. For photocatalytic degradation of organic dyes, NiO 

nanowires have gotten a lot of attention [29]. 

Supercapacitors and electrodes for lithium-ion batteries: - 

Because of its environmental friendliness and great capacitive properties, 

NiO is regarded as an excellent electrode for supercapacitor applications. 

The electrochemical characteristics of NiO are influenced by its 

morphology and size [30], [31]. The high specific capacitance is due to the 

mesoporous structure and surface area. Li-ion batteries are a popular type 

of battery that may be able to meet the rising demand for laptop and cell 

phone batteries. Metal oxide-based materials, such as Fe2O3, Fe3O4, CoO, 

Co3O4, MnxOy, Cu2O/CuO, NiO, Cr2O3, RuO2, and MoO3/MoO3, have 

been developed, with theoretical mAh g-1 capacities ranging from 500 to 

1200 mAh g-1. Transition metal-based phosphides, nitrides, and sulfides 

with capacities ranging from 500 to 1800 mAh g-1 have also been 

developed. These materials, on the other hand, have issues including 

significant potential hysteresis and unstable SEI production, making them 

less desirable for Li-ion battery operations [32]. 

Sensing Applications: - 

NiO has been used to sense numerous compounds such as CO, HCN, and 

glucose due to its superior surface conductivity. The amount of surface 

area on which sensitivity is controlled is crucial. The sensing 

characteristics of nanostructured NiO are greatly affected by the high 

surface to volume ratio. As a result, shape and size are essential 

considerations. According to Aslani et al., when comparing cloud-like 

morphologies of NiO to other morphologies, those with a high surface to 

volume ratio have a better responsiveness and detection limit [33]. NiO 

nanostructures have a large specific surface area, which makes them more 
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sensitive to HCN detection. Changes in chemical reactivity of distinct 

crystallographic planes explain variations in sensitivity. 

Magnetic Applications: - 

Magnetic nanoparticles have a wide range of uses, including magnetic 

fluids [34], magnetic energy storage, and information storage [35]. They 

are used in enhancing the capacity of magnetic tapes, computer hard discs 

and in magneto-resistance sensors[36]–[38]. Magnetic nanoparticles are 

utilized as contrast agents to increase contrast in MRI [36]. They're also 

utilized to deliver drugs to precise locations. Nanoparticle ferrofluid is 

utilized to treat cancers [36]–[39]. 
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Chapter 2 

Materials and Experimental Methods 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



12 
 

2.1 Experimental Techniques: Synthesis Routes 

Nanoparticle applications are influenced not only by their attributes (size, 

shape, and structure), but also by the synthesis process used. The 

physiochemical properties of NiO nanoparticles are determined by a 

variety of ways, which in turn determine their electrochemical properties. 

Various methods for synthesizing nanocrystalline NiO from various 

precursor materials have been reported in the literature. Some technically 

assisted methods, such as spray pyrolysis, template process, microwave 

assisted method, and solvothermal method, have been reported in addition 

to simple methods such as sol-gel processes, thermal decomposition, 

chemical routes, and precipitation methods[40]. 

Primarily there are 2 methods for synthesizing NiO NPs which include 

top-down approach and bottom-up approach. 

1. Synthesis of NPs using Top-Down Approach: This method is 

composed of a number of synthetic methods that make NPs by removing 

portions of a bulk substrate. Chemical, electrochemical, and mechanical 

procedures are some of the methods for removing parts from bulk 

materials [40], [41]. The substance of the bulk substrate and the required 

NP sizes determine which approach is used. However, this method does 

not provide you complete control over particle size. To create nanosized 

domains, the top-down method is extended, and mechanical removal 

techniques are combined with electrochemical and chemical techniques. 

Laser ablation, chemical vapor deposition (CVD), and electro deposition 

are the most common top-down nanoparticle manufacturing processes 

[41]. 

2. Synthesis of NPs using Bottom-Up Approach: This method uses a 

variety of synthetic techniques to create bigger and more complex systems 

by mounting components on a base substrate while preserving good 

molecular structure. Surfactants are used to achieve significant adhesive 

forces between the surface layer and the base substrate which is the 
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primary requirement for this fabrication process [40], [41]. Metallic oxides 

and metallic salts are used as precursors for the reactions in bottom-up 

protocols. Using the right solvent and reducing agent, these salts or oxides 

are eventually converted to metallic nanoparticles. 

Sol-gel method, spray pyrolysis, thermolysis, and micro-emulsion are the 

most often used bottom-up techniques [41]. 

 

2.2 Sample Preparation: Hydrothermal Method 

 

                                     

 

 

 

Figure 2.1. Schematic diagram for the steps involved in 

Hydrothermal method 

1. NiO nanosheet 

The sample was synthesized using hydrothermal method. In this 

process, a light-green solution was obtained dissolving 3 g of nickel 

chloride hexahydrate (NiCl2.6H2O) in 100 ml deionised water. In order to 

adjust the solution pH to a value of 10, ammonia solution was added under 

magnetic stirring. After that, for hydrothermal treatment, the solution was 

taken into an autoclave of capacity 200 ml [Figure 2.2 (a)]. The 
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hydrothermal process was carried out in the thermal chamber for 12 hrs at 

a temperature of 120 °C. [Figure 2.2 (b)] and then naturally cooled to 

ambient temperature. In order to eliminate the impurities and unreacted 

reagents, the precipitate was later washed 5 times with DI water and 

ethanol, and the products were recovered through filtration. The 

precipitate was dried overnight at 45° C and annealed at 400° C for 2 hrs 

to finally obtain NiO nanosheets. 

 

2. NiO microsphere 

The sample was synthesized using hydrothermal method. 1g nickel 

chloride hexahydrate (NiCl2.6H2O) and 1 ml ammonia solution were 

dissolved in 20 ml DI water for sample preparation. The solution was then 

mixed with 3g of glucose and stirred for 15-20 mins. The resulting 

solution was taken into a 200 mL Teflon-lined SS autoclave and heated for 

12 hrs at 120 °C in the thermal chamber, and then naturally cooled to 

ambient temperature. The product was washed with DI water and ethyl 

alcohol many times before recovering it through filtration. Upon drying at 

60° C for 6 hrs, the black powder left was annealed at 450°C for 2 hrs to 

finally obtain NiO microspheres. 

3. NiO flake-flower 

Typically, in a hydrothermal procedure, 1 g of NiCl2.6H2O was added into 

a solution composed of 25 ml of ethanol and 25 ml of DI water by 

volume[42]. Then, 0.5 g PVP (Polyvinylpyrrolidone) and 20 ml of 

Ethylene Glycol were added into the mixture under magnetic stirring [42]. 

In order to adjust the solution pH to a value of 10, ammonia solution was 

added. After that, a homogeneous solution was formed by magnetically 

stirring the mixture for 30 min and then taken into a Teflon-lined SS 

autoclave of capacity 200 mL and kept in thermal chamber for 12 hrs at 

120 °C. The green sample was collected through filtration and washed 

with pure water and ethanol for a number of times, after cooling the 
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autoclave to room temperature. On drying at 60 °C for 10 h, the product 

was obtained by annealing at 450 °C for 2 h. 

   

(a)                                                           (b) 

Figure 2.2 Experimental set-up for Hydrothermal method including 

(a) 200 ml Teflon lined Stainless Steel Autoclave (b) Thermal chamber 

for heat treatment. 

2.3 Sample Preparation (Sol-Gel Method)  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Schematic Diagram of Sol-Gel Process 
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The synthesis and characterization for Ni0.9844(Ga1-x Lix )0.0156 O are briefly 

discussed in this chapter. A modified sol-gel process is used to synthesis 

the samples, which is then followed by successive high-temperature 

annealing. The following characterization techniques were used to 

investigate material properties: x-ray diffraction to confirm phase purity 

and crystal structure, Raman spectroscopy to study vibrational properties, 

and UV-Visible spectroscopy to calculate bandgap energy and Urbach 

energy. Before investigating any property of any material, it is essential to 

obtain a single phase of the material. Ordering of B site ions is a key 

player in affecting electronic and structure properties. In addition, the 

oxygen stoichiometry is influenced by synthesis routes. Hence, 

preparation of all compounds under investigation is done with extreme 

care to tailor the B-site ordering. In this section, the synthesis of Ga/Li co-

doped NiO samples are discussed, along with the overview of 

fundamentals, experimental set-up used for characterizing samples. The 

working principle and necessary diagrams are provided. 

Solid ion particles suspended in a colloidal solution (1 nm − 1 μm) in a 

solvent is called a sol. A gel is the formation of a semi-rigid mass when 

the solvent starts to evaporate from the sol and the particles/ions left 

behind; begin to connect with each other in a continuous regular chain.  

Sol-gel is a chemical solution process for preparing powders, ceramics, 

and other materials. The sol-gel approach takes less time to process and 

yields a satisfactory result. When compared to the hydrothermal process, 

spray pyrolysis, and solid-state processes, it has higher control over 

stoichiometry, purity, and homogeneity. These strategies typically need a 

longer reaction time and more energy.  

Sol evolves as an inorganic network containing a liquid phase which is 

known as a gel. Metal oxides are formed by joining the metals with oxo or 

hydroxy chains. As a result, metal-oxo or metal-hydroxy polymer 

solutions are formed. The gel is made up of dried to remove the liquid 

phase from it and finally forms a porous powder. After this, calcination 
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and annealing may be carried out. Generally, water-soluble for material 

synthesis, metal nitrates and metal acetates are used as precursors. 

 

2.4 Synthesis of Ga/Li co-doped NiO: - 

For the synthesis of nanocrystalline Ni0.9844(Ga1-xLix)0.0156O powders (x=0, 

0.25, 0.50, 0.75 and 1), Nickel (II) nitrate, Lithium(I) nitrate and Gallium 

(III) nitrate, were added according to required stoichiometric ratio in 

separate beakers. All the precursors were soluble in DI water and hence a 

homogeneous solution was prepared after adding all the precursors and 

kept under magnetic stirring for few hours. Afterwards, gelling agents like 

citric acid and ethylene glycol was added in sufficient amount in each 

beaker. Then the resultant solution was moderately heated at 80 °C on a 

hot plate till gel formation. It was then dried and heated further removing 

any trapped carbonate and nitrate phases and finally obtaining fluffy black 

powders containing nanoparticles of the prepared sample [Figure 2.3]. The 

black powder obtained was further annealed at 600 °C in the muffle 

furnace [Figure 2.4] for decarbonisation and denitrification to take place 

and we obtain the required phase of our sample which is further confirmed 

by various characterization techniques.  

 

Figure 2.4 Muffle 

Furnace used for 

annealing the 

prepared samples 



18 
 

2.5 Characterization Techniques: - 

2.5.1 X-ray Diffraction (XRD): - 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 X-ray diffraction through Bragg’s reflection in 

the atomic planes 

 

Powder x-ray diffraction is a non-destructive technique for determining 

the structural properties of crystalline materials with long-range order. It 

has extensive applications in the realms of science, geology, medicine, the 

environment, and industry. The most common application of x-ray 

diffraction in crystallography is to determine the type and number of 

phases present in a chemical, unit cell dimensions and crystal structure, 

crystallite size, texture analysis, and residual strain based on their 

diffraction pattern[43]. Diffraction patterns are created when a 

monochromatic x-ray beam interacts with the electron cloud of the 

sample's atoms. Constructive interference occurs only when the path 

difference between diffracted rays is an integral multiple of wavelength of 

x-ray radiation [44]. 

  

d 
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The reflections of the lattice planes were used to identify the unknown 

structures. Crystals with high symmetry have a small number of atomic 

planes, whereas crystals with low symmetry have a larger number. X-rays 

have the wavelength of the order of 1 Å, which is the same as the 

interatomic spacing in the crystalline materials. Thus, the rays can interact 

with atoms and can reveal the atomic structure of the material obeying the 

Bragg’s condition which can be given as: - 

                                 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃…………………………………… (2.1) 

where n is the order of reflection (integer value i.e., 1, 2, 3...), λ is the 

wavelength of x-ray beam, d is the interplanar spacing between atoms, and 

θ is the angle between the incident and the reflected beam. 

Working principle: - 

 

Figure 2.6 Schematic Diagram of a X-ray Diffractometer 

 

The three main components of an X-ray diffractometer are the X-ray tube, 

sample holder, and detector [Figure 2.6]. They are very useful for 

acquiring diffraction peaks. The electrons produced by burning the 

filament in a CRT are then accelerated towards the target and bombarded 

to generate X-ray beam. When electrons have enough energy to remove 

electrons from the material's inner shells, they produce a characteristic X-

ray spectrum. The most prevalent K and K components make up these 
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spectra. K now has two elements, K1 and K2 (K1 has a slightly shorter 

wavelength and is twice as intense as K2). The wavelengths are the target 

materials' characteristics (e.g., Cu, Fe etc.). 

These photons are further filtered out using foils or crystal 

monochromators to produce a monochromatic X-ray. Because K1 and K2 

have such similar wavelengths, the average of their wavelengths is used. 

Copper is the most common target material for Cu K radiation diffraction 

(=1.5418 Å). These X-rays are collimated and targeted at the sample.  

When x-rays collide with atoms in electronic clouds and constructive 

interference occurs, a typical powder pattern is obtained, which can be 

displayed as intensity vs 2θ. The powder patterns of the samples show 

peaks at specified values of 2θ that provide a distinctive 'fingerprint' that 

can be used to distinguish between crystalline and mixed phases. 

Phase identification, purity, and structural modifications of all materials in 

this work were investigated using powder x-ray diffraction patterns 

recorded using a Bruker D2 Phaser X-ray diffractometer [Figure 2.7]. 

Diffraction patterns were obtained and were further compared with the 

CIF files from JCPDS data. 

    

(a)                                                             (b) 

Figure 2.7 (a) Bruker D2 Phaser X-ray Diffractometer (b) Inside view    

                   of X-ray Diffractometer 
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Structural Analysis using Rietveld Refinement: - 

Powder diffraction was once regarded to be useless in crystallography 

because of the apparent superposition of intensities, which limited 

structural information. As a result, the phase was determined purely by 

XRD. However, throughout time, a technique known as Rietveld 

refinement arose, which involves fitting the curve of the entire XRD 

diffraction data to extract the most information from the crystal structure. 

This method revolutionized the use of XRD for structural analysis [44]. 

This method was first developed for neutron powder diffraction data, and 

afterwards for X-ray powder diffraction data. This refinement method is a 

curve fitting method that considers several parameters (taking into account 

multiple parameters). The improved data output file provides crystal 

structure information (lattice parameters, atomic positions, displacement 

factors etc.) [43]. Furthermore, data such as crystallite size, intrinsic lattice 

strain, and crystallite phase fraction can be calculated, which is discussed 

in detail in the following chapter.  

Rietveld refinement is often done using GSAS software [45]. This is the 

least-square fit method, which accounts for variables that affect diffraction 

peaks [46]. Individual reflection planes make up the observed diffraction 

pattern. Peak position, peak width, and peak intensity, all of which decline 

with distance, define each plane. The Rietveld method is very effective at 

refining powder diffraction data and extracting detailed structural 

information from the material. Although the Rietveld profile refinement is 

based on simple concepts, it does take some knowledge. Early refinement 

may diverge due to the presence of faulty beginning XRD data points and 

default instrument parameters. This method is just for structural 

refinement, not for structure determination. The suggested model is used 

to describe the crystal structure, experimental broadening, diffraction 

optics effects, and other sample factors (e.g., strain, anisotropy). The final 

crystallographic information files (.cif) can be utilized as an input file into 

the VESTA software to obtain the relative bond angles and bond lengths 
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of constituent elements in the compound after refining. The following are 

the system requirements: 

Model: Bruker D2 Phaser x-ray diffractometer, Max Power: 3 kW  

X-ray target: Cu anode (Kα =1.5406 Ǻ), Operating voltage: 30 kV  

Optics: Bragg Brentano, Parallel beam 

 

2.5.2 Raman Spectroscopy: - 

 

Figure 2.8 Schematic diagram showing Raman scattering 

Vibrational transitions can be seen in both infrared and Raman spectra. 

These are highly sensitive instruments for studying crystal lattice 

structure. The data obtained using mercury discharge lamps as 

monochromatic sources and photographic film as detectors was deemed a 

watershed moment. In 1942, photoelectric detectors were invented, and in 

1966, lasers were used as an excitation source in Raman spectroscopy 

[47]. 

The most powerful technique in material science is vibrational 

spectroscopy. It involves the scattering of electromagnetic radiation by 

atoms or molecules and may offer qualitative and quantitative structural 

information for a variety of compounds in a variety of states. The obtained 

spectrum gives information about the structure and behavior of the solid 
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substance. This technique is commonly used to examine many types of 

modes in the low and high frequency ranges, such as vibrational and 

rotational modes [48]. When a sample is irradiated with a monochromatic 

light source using a spectrometer, this technique produces inelastic Raman 

scattering. Most photons are scattered with the same frequency as the 

incident laser light when a material is bombarded by a high-intensity 

monochromatic light source, such as a laser. This elastically scattering 

mechanism is known as Rayleigh scattering[49]. However, certain 

photons, about one out of every ten million, have an energy shift when 

compared to the initial laser energy. Raman scattering is a mechanism that 

occurs when lower or higher energy scattering occurs. Stokes scattering is 

produced by Raman scattering of atomic vibrations starting from the 

ground vibrational state. Anti-Stokes scattering occurs when a photon 

interacts with a phonon in a vibrationally excited state, which can be 

illustrated using a quantum energy diagram [Figure 2.8]. The intensity of 

photons in relation to each energy difference is directly linked to chemical 

bonds and hence a Raman spectrum can be obtained. Figure 2.9 depicts a 

schematic view of a Raman spectrometer. 

 

Figure 2.9 Schematic representation of Raman 

spectrometer 
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A Raman spectrometer's essential components are as follows: 

(i) Excitation source (Laser): A good laser should have a short linewidth 

and an exceptionally stable output. 

(ii) Light collection optics and sample illumination system: Normally, a 

laser beam (UV, Visible, or NIR) is shone on the sample, the scattered 

rays are collected with a lens, and the sample's Raman profile is obtained 

by passing it through a spectrophotometer. 

(iii) Wavelength selector (Filter or Spectrophotometer) is used to 

separate the incident light spatially according to the wavelength. 

(iv) Photodiode array, CCD, or PMT detector: Detector is a key 

component of the Raman spectrometer. Depending on the excitation laser 

used, a variety of detectors are available. For visible excitation, a typical 

CCD is employed, for UV excitation, a photomultiplier tube (PMT), and 

for NIR excitation, an indium gallium arsenide (InGaAs) array is ideally 

suited[50]. The materials were analyzed using a micro-Raman system 

from Jobin Yvon Horiba LABRAM- HR visible spectrometer. The room 

temperature Raman spectra of all samples [Ni0.9844(Ga1-xLix)0.0156O 

powders (x=0, 0.25, 0.50, 0.75 and 1)] were measured using a laser beam 

of 633 nm excitation wavelength. 
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2.5.3 Ultraviolet−Visible Absorption Spectroscopy: - 

 

Figure 2.10 (a) Schematic representation of UV-Visible 

Spectrophotometer (b) Schematic diagram of bands in solids 

 

The absorption of visible and ultraviolet light occurs when electrons are 

excited from a lower energy level to a higher energy level in atoms or 

molecules. Because all atoms and molecules have quantized energy levels, 

only light with the exact quantity of energy may produce a transition and 

be absorbed. As a result, the molecule must have a bond or atoms with 

non-bonding orbitals to absorb light in the spectroscopic range 200-800 

nm (lone pair of electrons). Various physical phenomena such as 

reflectance, absorbance, scattering, and fluorescence are observed when 

electromagnetic radiation is illuminated on material. UV-Visible (UV-Vis) 

spectroscopy investigates how UV-Visible light interacts with the 

specimen. When a sample absorbs light of a specific wavelength, an 

electron moves from the filled orbital to the unoccupied or partially filled 

orbital. The energy bandgap is revealed by this constant wavelength of 

light. 

The absorption of a material at a given wavelength is defined using Beer-

Lambert law [51] as: 

                                    𝐴 = −𝑙𝑜𝑔 (𝐼/𝐼0) …………... (2.2)  

where I and I0 are the intensities of the radiation incident and transmitted 

through the sample. The amount of absorption (A) is proportional to the 

number of absorbing species(c) present and the distance travelled by the 
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light through the sample (l). On summarizing the above factors, 

absorbance can be given as  

                                                  𝐴= ℰ.𝑐.𝑙 ………………. (2.3) 

where ℰ is the molar absorption coefficient (extinction coefficient) of the 

sample. 

Kubelka-Munk function[52], F(R) represented in the equation can be 

written in terms of absorption,    

                     F(R) ∝ α ∝ (hν −Eg) n /hν …………… (2.4)     or, 

         (F(R)hν)1/n = (αhν)1/n = A (hν −Eg) …………………. (2.5) 

where A is a constant independent of the photon energy, α is the 

absorption coefficient, hν is incident photon energy, Eg is the band gap 

energy and n is a constant. For direct bandgap, n=1/2 and for indirect 

bandgap, n=2. For both examples, the band gaps from (αhν)1/n vs hν plots 

were calculated using the intercepts of the extrapolated linear sections of 

the equations. At room temperature, optical absorption in the range 200–

800 nm was examined using a Research India UV–Vis spectrophotometer 

[Figure 2.11] The Tauc plots were created from the reflectivity data using 

the Kubelka-Munk approach [53], [54]. 

 

Figure 2.11 Experimental Set-up for UV-Visible Spectrophotometer 
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2.5.4 Field emission scanning electron microscopy 

(FESEM): - 

 

                                (a) 

 

                                             (b) 

Figure 2.12 (a) Schematic Diagram of Field Emission Scanning 

Electron Microscope (b) #1 Complete arrangement of the FESEM. #2 

Connected computer systems running user-friendly software. #3 EDX 

measurement system. #4 It is a complete set of gold sputtering. #5 

Enlarged part of the sample holder of the gold sputtering system. 

 
The FE-SEM (Field emission scanning electron microscopy) utilizes a low 

energy electron beam from a field emission gun to produce the surface 
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image of the sample. This method is particularly effective for measuring 

sensitive samples that have a low melting temperature, such as ceramics. 

On such samples, standard scanning electron microscopy is unable to offer 

trustworthy information. An optical microscope is based on light 

diffraction and has a spatial resolution of a few micrometres. To picture 

things on the nanometre scale, better resolution in the range of a few nm is 

required, which necessitates the use of light with a wavelength in nm. 

When compared to visible light, the narrow electron beam spot provides 

significantly superior spatial resolution. The FESEM produces better, less 

distorted images with a spatial resolution of 1 nm, which is superior to 

optical microscopy and scanning electron microscopy. Auger electrons, 

secondary electrons (SEs), backscattered electrons (BSEs), and X-rays 

were created when the energetic electron collided with the materials. For 

image construction, FESEM uses SEs and BSEs, and x-rays for 

elemental/composition analysis [Figure 2.12 (a)].  

Secondary electrons (surface morphology): Secondary electrons are 

utilized to image the surface of the materials. These are from the sample's 

near-surface regions (less than 10 nm). The inelastic collision between the 

energetically primary electron and the material is the mechanism that 

generates these electrons. Secondary electrons are excellent for analysing 

the surface morphology of a sample. 

Back-scattered electrons: A vast portion of the interaction volume 

creates back-scattered electrons. Back-scattered electrons are produced 

during elastic collisions of electrons and atoms. This causes the electrons' 

route to alter. This event is described by the "billiard-ball" model, in 

which small particles (electrons) collide with larger particles (atoms). The 

number of backscattered electrons that reach the detector is proportional to 

their 'Z' number, allowing for phase separation. It creates visuals that 

convey information about the sample's composition. 
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Energy-dispersive X-ray spectroscopy: 

The elemental analyses were investigated using the energy dispersive X-

ray spectroscopy (EDS, EDX, and EDXS) technique. It can determine the 

relative amount of each element and map the element's distribution. 

FESEM includes an EDX component. The X-ray is generated in two steps 

in FESEM. 

First step: When an electron beam collides with a sample, the energy is 

transferred to the atoms in the sample. Electrons may be knocked off the 

atom or jump to a higher energy shell as a result. This transition results in 

the formation of holes. 

Second step: Higher energy shell electrons recombine with lower energy 

shell holes. X-rays were generated as a result of the energy difference 

between these two shells. Each element's atomic number and a unique 

characteristic are linked to the generated x-ray. The elements are identified 

using the energy of these transitions. 

FESEM micrographs were taken on the pellet surfaces of the samples in 

this study. These photos were captured with a Supra55 Carl Zeiss FESEM 

[Figure 2.12 (b)]. The charging effect is noticeable because ZnTiO3-based 

materials are very insulating/nonconductive. As a result, a metallic gold 

deposition (5 nm) by sputtering techniques was necessary for charge 

drainage from the surface to avoid the charging effect. 

 

System specifications:  

Make: Zeiss Model: Supra 55  

Operating voltage: 0.02−30 kV Working distance: up to 100 nA Variable 

pressure mode: up to 133 Pa 
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Chapter 3 

Results and Discussion 
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3.1 Structural, Optoelectronic and Electrical Studies 

of NiO nanostructures 

 

3.1.1 X-Ray Diffraction (XRD) 

 

From the X-ray diffraction studies it is confirmed that NiO single cubic 

phase has been successfully formed having space group Fm 3̅m. The 

differences in the XRD patterns of the three samples are minor because 

their chemical and physical properties are similar. Furthermore, all of the 

samples exhibit characteristic peaks of diffraction pattern at 2θ = 37.29°, 

43.54°, and 62.94°, 75.61° and 79.62°, which correspond to the (111), 

(200), (220), (311) and (222) of the face-centered cubic unit cell, 

respectively, with lattice constant of roughly 4.18 Å [Figure 3.1 (a)]. The 

highest peak of intensity profile is at (200), followed by peaks at (111) and 

(220). The average crystallite sizes were 18.29, 12.62 and 27.52 nm for 

nanosheets (C1), microspheres (C2) and flake-flowers (C3), respectively 

as derived using Scherrer equation [Figure 3.1 (b)]. Rietveld refinement of 

the samples were also done [Figure 3.2] and the variation in bond length, 

bond angle and lattice parameters were found out as shown in the figure 

given below [Figure 3.1]. Although all the samples are comprised of pure 

NiO yet it can be seen that there is a considerable change in the bond 

lengths and lattice parameters which can be attributed to the change in 

morphology and shape of the different nanostructures obtained through 

hydrothermal treatment [Figure 3.1 (c-e)]. 
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Figure 3.1 (a) X-ray Diffraction Patterns of NiO nanostructures (C1-

nanosheet, C2-microsphere, C3-flake-flower) (b) Variation of 

Crystallite size and Lattice Strain (c) Variation of lattice parameters 

(d) Variation in bond length (e) Variation in bond angle 

 

 

 

 

 

 

 

Figure 3.2 Rietveld refinement plot of the NiO nanostructures 

 

3.1.2 Raman Spectroscopy 

From the room temperature Raman spectra of the prepared nanostructures, 

it can be observed that there is one prominent peak at 500 cm-1 which is 

the 1LO mode [55] and two broader and less intense peaks at 410 cm-1 and 

1050 cm-1 which are recognised as 1TO and 2LO mode respectively [55]. 

Although all the samples are comprised of pure NiO, it can be readily seen 
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that the intensity of the Raman modes are varying for the three samples. 

This modification may be due to the change in morphology and particle 

shape and size of the samples. The 1LO mode arises due to O-O planar 

vibrations and conversely 1TO mode arises due to O-O transverse 

vibrations perpendicular to the lattice plane [55]. A 2LO mode is also 

observed which is much broader and less intense than the other peaks 

which can be attributed to the Ni-O stretching vibrations [55] [Figure 3.3].  

 

 

 

 

 

 

 

 

 

 

 

3.1.3 UV-Visible Spectroscopy 

UV-Visible spectroscopy refers to absorption spectroscopy or 

reflectance spectroscopy. UV-visible radiation region ranges from 100 nm 

to 800 nm. Light of this wavelength is able to affect the excitation of 

electrons in the atomic or molecular ground state to higher energy levels 

giving rise to the absorbance at wavelengths specific to each molecule. It 

is the measurement of attenuation of a beam of light after it passes through 

a sample or after reflection from a sample. UV-vis spectroscopy is 

especially significant in the determination of electronic bandgap (Eg) and 

lattice disorder (Urbach energy, Eu). 

Figure 3.3 The 

room temperature 

Raman spectra of 

NiO nanostructures 

annealed at 450 °C. 
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 Band gap was evaluated from the Diffuse Reflectance 

Spectroscopy using Kubelka Munk Theory. At room temperature, the 

fluctuation in reflectance, R, with changing wavelength was recorded. 

A+T+R=1, where the material's absorbance and transmittance are A and T 

respectively.  As a result, 1-R equals A+T. T approaches to zero for very 

thick samples and translucent materials. As a result, 1-R equals A. (1-R)2 

is the intensity owing to A. The absorption coefficient ‘α’, is determined 

by the material's scattering capability in addition to its absorption 

capability. The capability of scattering is proportional to R and is equal to 

2R. The lower the absorption coefficient, the bigger the scattering. As a 

result, one may express α as a “Kubelka-Munk” function where α = F(R) 

= (1-R)2/2R, by combining these two contributions. A plot of F(R) versus 

hν can be plotted. However, such an analysis requires a further 

modification with regards to the nature of the materials band gap. A so-

called Tauc plot was plotted of (F(R)hν)1/n versus hν, where, n=0.5 for 

direct band gap while n=2 for indirect bandgap. In a direct band 

gap semiconductor, momentum vector of the highest energy of the valence 

band coincides with the momentum vector of the lowest energy of 

the conduction band. In an indirect band gap semiconductor, these two 

momenta are different. 

The band gap can be calculated from the linear portion of the Tauc 

plot using the ratio of the intercept and the slope, Eg= (-intercept)/(slope).  

For the direct band gap, Eg is calculated to be ~3.54 eV for C1, ~3.47 eV 

for C2 and ~3.56 eV for C3 samples. These changes in band gap are very 

nominal and can be attributed only to the changes in morphology in the 

samples. Also, there is a variation in the Urbach energy which gives an 

idea about the lattice disorder. It is observed that the Urbach energy is 

highest for C2 (~314.26 meV) , lowest for C3 (~150.87 meV) and 

intermediate for C1 (~235.52 meV). From this it can be concluded that for 

sample C2, lattice disorder is maximum and minimum in case of C3. 
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Figure 3.4 (a) Absorption spectra of UV-Vis for NiO nanostructures 

(C1-nanosheet, C2-microsphere, C3-flake-flower) (b) Variation in the 

band gap energy (c) Variation in the Urbach energy. 

 

3.1.4 FESEM and EDX Data Analysis: -  

The SEM images for NiO nanostructures are shown in Figure. The 

micrographs show a uniform distribution of grains all through the samples. 

High quality FESEM images of samples C1, C2 and C3 were observed 

[Figure 3.5 (a-c)]. The FESEM study was performed to investigate the 

particle size and morphology of all samples. Highly agglomerated 

particles were observed. ImageJ software was used to calculate the actual 

particle sizes of C1, C2 and C3. For sample C1, nanosheets of ~100-110 

nm was observed. For sample C2, microspheres of ~60-80 nm were 

observed. For sample C3, flake-flower structures of ~90-100 nm were 

observed.  
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Figure 3.5 (a) FESEM and EDX Data of NiO nanosheet (C1) 

 

 

 

 

 

 

 

 

 

Figure 3.5 (b) FESEM and EDX Data of NiO microsphere (C2) 

 

 

 

 

 

 

 

 

 

Figure 3.5 (c) FESEM and EDX Data of NiO flake-flower (C3) 
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3.2 Structural, Optoelectronic and Electrical Studies of 

Ga/Li co-doped NiO 

Nickel oxide (NiO) has a cubic lattice structure similar to NaCl or rock 

salt structure with 𝑁𝑖2+  and 𝑂2−  ions as octahedral sites i.e., Ni atoms 

form octahedra with six O atoms [5]. In this structure, nickel atoms occupy 

the corners of the cube and the centers of the faces, while oxygen atoms 

occupy the centers of the edges and the center of the cube, following the 

characteristic fcc-packed structure and having a space group Fm3̅m [5]. Ni 

3d8 and O 2p6 have similar energy levels. As a result, a substantial 

electronic hybridization is feasible, allowing for a bandgap of 3.4 to 4 eV 

in the material [7]. Stoichiometric NiO itself shows insulating behaviour. 

The low conductivity of stoichiometric NiO prevents electron-hole 

recombination, which results in reduced hole transport. Ni-vacancies, on 

the other hand, can cause inherent p-type conductivity. Oxygen vacancies 

are also linked to such molecules. Ni-vacancies, on the other hand, have 

been explored in both O-rich and O-deficient situations. For oxygen-rich 

conditions, the formation energy is low, while for oxygen-deficient 

conditions, it is high. The conduction mechanism can be conventionally 

expressed in terms of the band or can be interpreted in terms of small 

polaron hopping (SPH). Polarons develop in SPH as a result of strong 

interactions between the lattice and carriers. NiO has a very broad 

bandgap and has attracted attention because to its improved hole mobility 

and stability, but the difficulty is that it has a weak built-in field strength. 

Because of its deep valence band edge (from -5.3 eV to -5.4 eV), lithium 

doping can improve hole extraction and increase open-circuit voltage. 

However, to the best of our knowledge, the effect of Li inclusion on the 

bandgap of Gallium doped NiO synthesized by sol-gel has not been 

thoroughly explored. The structural, optical, electrical, and morphological 

characteristics of Ga and Li doped NiO processed by sol-gel were 

investigated in this study [56]. The findings show a substantial 

relationship between structural defect states, bandgap modulation and 
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conductivity in NiO. The feasibility of employing nanoparticle NiO is due 

to its easy synthesis: the synthetic strategy plays a crucial role in 

modifying the NiO structure, Furthermore, a synergistic effect of the cubic 

NiO with the Lithium incorporation can amplify the former's 

performances, produced by the sol-gel process. It has altered the defects 

and has greatly reduced the bandgap with the rapid tuning of the 

interstitial and the vacancy defects. The Li, in combination with the NiO 

semiconductor, forms deep level transportation of electrons and helping in 

scavenging the holes for quick transformation and recombination. 

Moreover, Li doping results in shifting of the conduction band towards the 

positive direction narrowing the bandgap. Despite such benefits, there are 

few reports investigating the impact of the Li dopant with the enhanced 

bandgap tuning and its relationship with the defects. 

 

3.2.1 X-Ray Diffraction Analysis:- 

All the Ga/Li doped samples [Ni0.9844(Ga1-xLix)0.0156O] were annealed at 

600°C where x=0, 0.25, 0.50, 0.75 and 1.0 are represented by S1, S2, S3, 

S4 and S5 respectively and pure NiO by S0. The cubic structure of NiO 

having space group (Fm3̅m) is confirmed by Rietveld refinement of the X-

ray Diffraction (XRD) patterns obtained for all the samples. No extra 

phases other than NiO are observed related to any complex mixed oxides 

of Li and Ga [Figure 3.6 (a)]. Rietveld analysis was performed using 

GSAS software. Acceptable goodness of fit (χ2) values was obtained for 

all the samples. The analysis confirms the NiO (Fm3̅m) phase [Figure 

3.7]. Lattice parameters (a=b=c) was initially same ~4.16843 Å for S0 and 

S1, but decreased to 4.16841 Å in S2, increased to 4.16845 Å in S3 but 

again reduced to 4.16843 for S4. Only a nominal change in the lattice 

constants were observed for all samples [Figure 3.6 (c)]. NiO6 octahedra 

are formed by octahedrally bonded Ni and O atoms. In the VI co-

ordination state, the ionic radius of the host Ni2+ (0.69 Å) is larger than 

Ga3+ (0.62 Å), but smaller than Li+ (0.76 Å). Extra oxygen may be added 
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into samples S1, S2, and S3 to maintain charge balance in the lattice due 

to Ga3+ having larger cationic charge than the host Ni2+. This may create 

oxygen interstitials, which could lead to lattice expansion. However, 

because Li+ has a lower charge (+1) than Ni2+, the amount of oxygen 

vacancy in the exclusively Li+ doped sample can be enhanced. As a result, 

the gradual decrease in the lattice strain can be linked to the elimination of 

oxygen from the lattice. The bond length decreases for samples S0, S1, S2 

and increases for sample S3 [figure 3.6(d)]. As predicted, a similar trend 

of variation was also observed in lattice constants and bond lengths. Strain 

is linked to lattice disorder, and so to long-range order. A less strained 

lattice is observed to have larger crystallite sizes and shorter bond lengths, 

and vice versa [57]. The Williamson Hall-method and the Scherer 

equation were used to estimate strain and crystallite size, with the help of 

Tiny tools software. For samples S0 to S1, the crystallite size decreased 

and thereafter increased for samples S2, S3 and S4 while the lattice strain 

increased for samples S0 to S1, and decreased for samples S2, S3 and S4 

which is quite obvious from the trend in crystallite size [Figure 3.6 (a)]. 

The host Ni2+(VI) [0.69 Å] is larger than Ga3+ (VI) ion [~0.62 Å] but 

smaller than Li+(VI) [~ 0.76 Å]. For S1 a smaller but higher charged Ga3+ 

ion is incorporated in the lattice. This will invite more oxygen in the lattice 

thereby at first neutralizing the latent Vo and thereby introducing Oi. This 

will create a positive pressure on the lattice, thereby increasing the bond 

lengths and thereby the lattice parameters. This is what was observed from 

the Rietveld refinement. For S2 the trend continues due to the presence of 

Ga3+ ion, but the presence of Li+ ion somewhat compensates for the extra 

charge. At the same time, the Li+ ion is larger than the Ni2+ ion which 

continues to exert the positive pressure on the lattice. However, the effect 

is somewhat reduced by the loss of oxygen due to the lesser charge of the 

Li+ ion. In the S3 sample, increasing the Li+ concentration should cause 

the lattice to expand on the one hand, but due to its lower charge than the 

parent Ni2+, Vo will be generated in the lattice, forcing the lattice to 
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contract. The lattice strain and crystallite size increased and reduced 

accordingly and was logical to the analysis of charge and size of the 

dopants.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 (a) XRD Pattern of Ni0.9844(Ga1-xLix)0.0156O for x=0, 0.25, 

0.5, 0.75 and 1 (b) Variation of Crystallite size and Lattice Strain (c) 

Variation of lattice parameters (d) Variation in bond length (e) 

Variation in bond angle. 
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3.2.2 Raman Spectroscopy: -  

Raman spectroscopy is a powerful tool for studying lattice vibrations and 

structural information at the scale of a few lattice constants. The room 

temperature Raman spectra of the Ga/Li doped NiO samples are shown in 

Figure 3.8 Raman spectra of S0 reveals one prominent mode at 501.8 cm-1 

along with two less intense modes at 496 cm-1 and 1090 cm-1. These three 

modes have been identified in literature as 1LO, 1TO and 2LO modes, 

respectively [55]. The O–O planar vibrations known as longitudinal 

optical one phonon-mode (1LO) produce the band at 501.8 cm-1. This 

mode blue shifts to higher frequencies for doped materials, reaching 

511.47 cm-1 for S1 and 514.52 cm-1 for S2, before red shifting to 506.02 

cm-1 for S3 and 500.44 cm-1 for S4, but only slightly blue shifting to 

500.77 cm-1 for S5, which is considered insignificant [Figure 3.9 (a)]. This 

mode is caused only by an O-O planar vibration and does not involve 

cation vibration. In S0, the 1TO mode is seen as a prominent peak at 389.8 

cm-1. This mode blue shifts to 399.5 cm-1 in S1, 402.6 cm-1 in S2 and 

406.6 cm-1 in S3 followed by a red shift to 386.2 cm-1 in S4 and 378.9 cm-

1 in S5. [Figure 3.9 (b)]. This mode shows the amount of Vo’s in the 

lattice effectively. The Ni–O stretching vibrations known as two-phonon 

scattering produce the band at 1090 cm-1 (2LO). A 2LO mode is generally 

reported in the literature and is sometimes extremely prominent. This 

mode red shifts continually from 1089 cm-1 in S0, to 1088 cm-1 in S1, 

1068.4 cm-1 in S2, 1059.6 cm-1 in S3, 1019.8 cm-1 in S4 and 955.3 cm-1 in 

S5 [Figure 3.9 (c)]. In these samples the 2LO mode seems to become less 

intense with the increasing Li+ content. This may be due to the decrease in 

strain in the Li-rich samples leading to larger crystallite sizes. Since 

phonon frequency is proportional to the square root of bond strength and 

inversely proportional to the square root of the effective masses of the 

vibrating atoms, such changes are most likely to affect the phonon modes 

of the co-doped samples in terms of frequency and intensity.  
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The increase in FWHM values for 2LO mode at 1090 cm-1 indicates an 

increase in surface defects, resulting in a drop in crystallite size and an 

increase in lattice strain. The FWHM increase for sample S1, S2 and 

decrease for S3 hints the decrease of lattice strain and hence defects 

[Figure 3.9 (f)]. Because of the larger cationic charge-imbalance caused by 

the introduction of Li and Ga, the defects first increase and then reduce for 

S3. In XRD data, a similar trend of variation of lattice constants and lattice 

strain was observed. It means that when Li+ ions were introduced into the 

sample, the lattice shrunk, reducing defects like Oi’s and creating more 

Vo’s.  

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 Variation in the phonon frequency and peak width with 

different doping concentrations of Ni0.9844(Ga1-xLix)0.0156O 

Figure 3.8 Raman Spectra 

of Ni0.9844(Ga1-xLix)0.0156O 

annealed at 600 °C 
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3.2.3 UV-Visible Spectroscopy Analysis: - 

DRS measurements (UV-Vis Spectroscopy) were performed and the 

percentage reflectance, %R, was recorded in the area (200-1100 nm) to 

estimate the band gap, Eg, of the materials experimentally [Figure 3.10 

(a)]. To eliminate the probability of transmission, thick samples were 

used. This eliminates all other possibilities, leaving simply absorbance and 

reflectance. In extremely opaque materials, the Kubelka-Munk 

function[52] is used to calculate the equivalent absorption coefficient, 

F(R) = (1-R)2/2R, where R is the diffuse reflectivity of the samples. The 

diffuse reflectivity increases dramatically at the band boundary. In this 

area, there is a linear zone with an unusually steep slope. The absorption 

coefficient decreases exponentially in this region. The beginning of this 

exponential decline is often regarded as a universal method for detecting 

absorption edges from which the bandgap may be calculated. The 

absorption edge was calculated using a linear fit to R's linear portion. 

Using the Tauc method [54], the optical band gap was computed using 

energy-dependent optical absorbance data. (αhn)1/n = A(hn-Eg); where α is 

the absorption coefficient, hn is the photon's frequency, h is Planck's 

constant, A is a proportionality constant, and Eg is the band gap. The 

nature of the transition between the conduction band (CB) and the valence 

band (VB) is determined by the power coefficient n, which is 1/2, 3/2, 2, 

and 3 for direct allowed, direct prohibited, indirect allowed, and indirect 

forbidden transitions, respectively. 

The Eg was calculated using n=1/2 (for direct Eg) and 2 (for indirect Eg). 

For the direct band gap, only a minor increase of Eg can be observed in S1 

(~3.578 eV) and S2 (~3.581 eV) with solely Ga3+ doping compared to S0 

(~3.526 eV). The Eg value of S3 (~3.526 eV) is identical to that of S0. 

Thereafter, Eg drops significantly in S4 (~3.458 eV) and even more so in 

S5 (~3.396 eV) [Figure 3.10 (b)]. This obviously demonstrates Vo’s 

importance in the system. An indirect band gap estimate, on the other 

hand, yielded values of 3.248 eV for S0, 3.34 eV for S1, 3.392 eV for S2, 
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3.256 eV for S3, 3.094 eV for S4, and 2.804 eV for S5 [Figure 3.10 (d)]. 

As the Li+ content rises, the lattice becomes more prone to additional Vo’s 

in the neighbourhood of the monovalent atoms, resulting in lattice 

disorder. The Urbach energy, Eu, of the system can be used to estimate 

such disorder. In comparison to S0 (178.72 meV), the Eu decreases for S1 

(130.74 meV) and S2 (88.25 meV), then increases for S3 (185.30 meV), 

S4 (285.63 meV), and eventually far more for S5 (476.09 meV) [Figure 

3.10 (e)]. 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 (a) Tauc plot for direct band gap (b) Variation in direct 

band gap energy (c) Tauc plot for indirect band gap (d) Variation in 

indirect band gap energy (e) Variation in Urbach energy. 
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3.2.4 Pressure dependent I-V characteristics: -  

  

(a)                                              (b) 

Figure 3.11 (a) Uni-axial Hydraulic Press for making pellets (b) 

Keithley 2450 Source Meter 

The pressure-dependent (1-3 ton/cm2) I-V characteristics of all the 

prepared samples were investigated [Figure 3.12 (a-f)]. The results were 

repeatable, and the experiment was repeated on the same sample 

numerous times before being repeated on different specimens of the same 

composition. For the S0 sample, the differences are minor. The current 

rose continuously with applied pressure from S0 to S5 at 1.0 V applied 

voltage. It's also worth noting that the current rises steadily from S0 

through S1, S2, and S3, before rapidly increasing for S4 and S5. For S0, 

S1, S2, and S3, the modifications are insignificant [Figure 3.12]. However, 

the effects of adding extra Li+ appear to be dramatic. As a result, it 

becomes clear that greater quantities of Li+ ions play a key role in 

improving charge transfer in the presence of pressure, which could be 

attributable to contributions from modified Ni2+ ion electron clouds due to 

Li+ ion doping and therefore the presence of Vo’s. The quantity of current 

generated owing to pressure in the S1 and S2 samples is less than in the S0 

sample, indicating that as Ga3+ incorporation increases, conductivity 
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decreases due to an increase in Oi. As a result, it is clear that increasing 

Vos in the lattice improves conductivity. 

 

 

 

 

 

 

 

 

Figure 3.12 Pressure dependent current vs voltage plots (I-V 

characteristics) for Ni0.9844(Ga1-xLix)0.0156O. 
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Summary of this chapter 

NiO nanostructures prepared using hydrothermal mehod gave quite 

positive results with pure NiO phase formed at 450 °C. It can also be seen 

that just by varying some of the precursor elements used, nanostructures of 

different morphology can be obtained. Sol-gel prepared Ni0.9844(Ga1-

xLix)0.0156O nanoparticles revealed a cubic NiO structure of phase group 

(Fm3̅m). The host cation being Ni2+, the Ga3+ doped system is an oxygen 

rich system due to the extra positive charge of Ga3+ as compared to Ni2+. 

Gradual substitution of Ga3+ by Li+ in the Ga3+ doped NiO system reveals 

a transformation from an oxygen rich to an oxygen deprived lattice in the 

modified samples. This increases strain in the lattice upto the point where 

Ga3+ is still present in the lattice. The Ga3+ being completely removed, the 

Li+ manages to introduce a huge amount of oxygen vacancies which in 

turn releases the lattice strain due to the larger size of the Li+ ion. The 

hybridization of the Li+ ion with the neighboring anions result in several 

new energy level creations inside the band gap which act as excitation 

centers and are revealed by absorption studies. The application of pressure 

was found to modify the electronic properties most probably due to 

modifications in the electronic clouds of molecular orbitals. Such 

modifications increase the conductive properties of the materials.  
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Chapter 4 

Conclusion 
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Conclusion and Future Work Plans 

 
Contribution of this thesis  

 
The notable contribution of the thesis is in understanding the structure, 

opto-electronic, and electrical properties of NiO nanostructures and Ga/Li-

doped NiO:  

● Different morphological nanostructures obtained simply by changing 

one of the precursors during hydrothermal method. 

● A large enhancement in electric properties in antiferromagnetic NiO is 

achieved with simultaneous substitution of Ga and Li for Ni site.  

● In this work, it is also proved that a slightly increased Li doping 

concentration in NiO can result in a more conducting state compared to Ga 

doped NiO.  

 

Future directions  

The goal of this present study was to investigate the structure correlated 

characteristics along with electrical properties of simple oxides. The 

research outcome of the thesis can be expanded to the next level.  

● Effect of Li+/Ga3+ can be investigated on the spin-phonon coupling in 

NiO compounds. Ga/Li doped NiO can be further explored as a promising 

material for energy storage applications. 

● Magnetodielectric properties and electrochemical study may be explored 

in the future.  

● There are a lot of scopes to investigate the magneto transport and 

magnetocaloric properties of these simple oxides in the bulk as well as in 

single crystal or in thin films.  

● In the future, thin films can be prepared from the bulk samples, which 

may yield better physical properties and ultimately lead to device 

applications. 
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