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Abstract 

The undoped ZnO nanoparticles, In or Co single doped ZnO nanoparticles and the In 

and Co combinational doped ZnO nanoparticles were synthesised through sol-gel 

technique. The samples were characterised using XRD, TEM, FTIR, Raman 

spectroscopy, UV-Vis, PL and also tested for the gas sensing applications. XRD 

patterns revealed that the synthesised samples were of ZnO hexagonal wurtzite 

structure. The lattice parameters and the bond length of all the undoped and doped ZnO 

samples were determined and found to be similar to that of the Bulk ZnO. The average 

particle size of the undoped and doped ZnO nanoparticles were calculated and found 

to reduce with an introduction of dopants while increasing with an increase in 

temperature. The strain of all the prepared samples were also determined and observed 

to be in an inverse relation to the particle size. TEM images showed that the synthesised 

samples were spherically shaped and that was in agreement with XRD results, while 

the EDS results showed that In and Co were successfully doped into the ZnO 

nanoparticles. Raman and FTIR spectroscopy indicated that the prepared samples were 

indeed ZnO nanoparticles which confirmed the XRD results. The UV-Vis results showed 

a red-shift in the energy band gap with an introduction of dopants and that was related 

to the reduction of the particle size, this results were consistent with the PL results. Gas 

sensing results showed that doping Co and In into the ZnO nanoparticles has an effect 

into ZnO properties. Combinational-doping of In and Co was found to increase the 

response to the gases CH4, CO, NH3 and H2 as compared to the undoped and singly 

doped ZnO nanoparticle sensors. The response\recovery time was found to be affected 

with introduction of In and Co. Improvements were also observed in the operating 

temperature and the selectivity of the single doped and co-doped ZnO nanoparticles 

towards different gases used in this study.                     .             
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Chapter 1 

General Introduction 

1.1. Introduction 

Nanostructured materials have been found to be interesting and are currently 

investigated because of their unique properties compared to their bulk counterparts 

[1]. Bulk materials should have the same properties as nanomaterials regardless of 

their size, but at nanoscale (1 – 100 nm) different properties are often observed in 

materials. This informs us that properties of a material changes as its size approaches 

the nanoscale range. There are a variety of nanostructured materials such as 

nanoparticles, nanorods, nanospheres, nanowires, nanotubes and nanoflowers. 

Some of these nanomaterials can be used in applications like light emitting diodes 

(LEDs) [2], liquid crystal display (LCD), solar cells [3] and gas sensing [4]. Here in 

South Africa nanomaterials research has been identified for sustainable water 

purifications, energy source, drug delivery, as well as gas and biosensing [5]. 

At present transition metal (TM) oxide semiconductors such as TiO2, SnO2, ZrO2, CdO, 

ZnO have become the main topic in numerous research at nanoscale investigations 

due to them having unique characteristics and an encouraging potential for 

applications such energy storage and gas sensing devices [6 - 10].  

TiO2 and SnO2 are interesting and widely studied metal oxide materials having three 

different phases being rutile, anatase and brookite. Brookite phase is found to be 

stable at very low temperatures, anatase stability exits at comparatively low 

temperatures while rutile is the most stable phase which can be obtained at high 
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temperatures. Rutile phase has been dominating in electronic applications due to its 

high dielectric property [11] despite the fact that anatase phase has been found to be 

suitable for solar cells [12]. In these TiO2 phases anatase has the energy band gap of 

3.2 eV, with rutile and brookite having an energy band gap of 3.3 eV [13], while rutile 

phase of SnO2 has an energy band gap of 3.6 eV [14].  

These TiO2 and SnO2 materials can be used in several applications such as gas 

sensors, generation of hydrogen gas, dielectric materials, solar cells, etc. [15]. Other 

studies have considered TiO2 as one of the best material in photocatalytic reactions 

due to its long-term thermodynamic stability, non-toxicity, strong oxidising power and 

low cost [16, 17], while  SnO2 is said to have potential applications such as catalysis 

[18], transparent conducting electrodes [19], optoelectronic devices [22], gas sensors 

[20] and lithium batteries [21] due to its unique electrical and catalytic properties. 

Different methods such as sol-gel [22], microwave technique [23], carbothermal 

reduction [24] and laser-ablation [25] have been used to prepare both TiO2 and SnO2. 

Furthermore Zinc oxide (ZnO) is an n-type semiconductor material having an energy 

band gap of 3.36 eV with a large exciton binding energy of 60 meV that ensures a 

stable exciton emission even at room temperature [26]. It possesses a hexagonal 

crystal structure with 𝑎 =  𝑏 ≠ 𝑐. Lattice parameters were experimentally measured to 

be 𝑎 = 0.32495 nm and 𝑐 = 0.52069 nm [27]. It has ruggedness, chemically inertness, 

and abandons availability [28]. ZnO shows visible luminescence even when excitation 

is done at different UV-wavelengths because of different types of defects that are 

formed [29]. This material has a wide range of resistivity, greater electron hall mobility, 

high transparency at room temperature [30], excellent chemical and thermal stability 

under usual operating conditions [31]. Commercially, ZnO is cheap, nontoxic and bio-
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safe for implantation as a biosensor [32]. When doped with a variety of transition 

metals, ZnO adopts a ferromagnetic property and they are called diluted magnetic 

semiconductors (DMSs) [33]. These DMSs enables the fabrication of optical devices 

such as spin LEDs [34] and spin-polarized solar cells [35]. 

Different types of ZnO nanostructures ranging from nanodots to tetrapods have been 

reported and found to be having interesting optical properties [8]. Independent studies 

by S.Y. Kim et al. [36], B.K. Woo et al. [37], and R.K. Dutta et al. [38] have shown that 

ZnO nanostructured materials are influenced by their size, shape and structural aspect 

and in turn those factors relay mostly on the technique used to synthesise the 

nanostructures. M. Poloju et al. [39] reported that doping ZnO with controlled amounts 

of impurities can have an effect on the structural, electrical and optical properties of 

ZnO nanostructures. Several techniques like chemical vapour deposition (CVD) [40], 

physical vapour deposition (PVD) [41], hydro thermal and sol-gel method [42] have 

previously been used to synthesise the pure and doped ZnO nanostructures. Among 

these techniques, sol-gel is the most favoured method due to its accurate arrangement 

control on the structure of the material, ability to dope homogeneously on the 

molecular level, easy to reproduce and low cost. 

In this dissertation, effects of single doped Co and In as well as Co and In as 

combinational dopants on the structural, optical and gas sensing properties of ZnO 

nanoparticles are discussed. Structural property study is ensured using XRD, TEM 

and the optical properties are carried out using Raman spectroscopy, UV-Vis, PL and 

FTIR. Gas sensing property is explored by measuring the gas response of ZnO 

nanoparticles samples annealed at different gas concentrations of CO, CH4, NH3 and 

H2 whilst varying temperature in range of 250 – 400 °C using a Kinesistec testing 
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station. The undoped and doped ZnO nanoparticle samples utilised in this project were 

synthesised using sol-gel approach as it has been found to be cost effective. 

1.2 Aims and Objectives 

1.2.1. Aim 

The aim of this study is to determine the effect of Co and In as combinational dopants 

on the structural and optical properties of ZnO nanoparticle powder samples 

synthesised using a sol-gel method. 

1.2.2 Objectives 

The objectives of the study are to: 

i. synthesise ZnO nanoparticles doped simultaneously with two metals (Co and 

In),  

ii. investigate the structural and optical properties of combinational-doped ZnO,     

iii. investigate the efficiency of nano-sized undoped, “single doped” and “double 

doped” ZnO  as gas sensors. 
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Chapter 2 

Literature Review 

2.1. Introduction 

Metal oxide nanostructured materials have become a hot topic of research in recent 

years because of their observed unique properties. Properties of these metal oxides 

are continuously investigated in order to improve their applications in vast areas like 

solar cells, fuel cells, gas sensing of which are mainly concerned with opto-electronics.  

Gas detection is one of the most important aspects for monitoring the environment, 

industries and the households.  Gas sensing devices have been developed to detect 

gases such as CO, NO2, CO2, H2 and SO2 because of their toxicity [43]. CO, NO2 and 

CO2 are among the gases that affect our day to day life’s since they are emitted daily 

from the combustion processes of cars, farm and industrial machineries. These gases 

are toxic even at very low concentrations but are usually found with high 

concentrations in our homestead, parking garages and in the mines. High 

concentrations of these pollutants are harmful to humans as well as other animals as 

a result these gases should be continuously monitored and controlled at all times. 

However the gas sensing devices that are currently used to detect these gases are 

not ideal. Therefore there is a need to improve them since frequently are found to be 

having a high operating temperatures and low sensitivity [44]. J. Xu et al. [45] have 

reported that sensitivity of metal oxides sensors depend on the particle size while the 

particle size is said to have an inversely proportional relation to the energy band gap 

so reducing the particle size is one way of improving the sensitivity of a metal oxide 

sensors. 
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ZnO has been reported to have good properties for gas sensing at nanoscale levels 

due to high surface areas [45]. Studies have shown that doping this material can 

improve its optical properties and at the same time reduce the particle size of a 

material [44] and hence much effort has been devoted in doping this material in order 

to improve it for different applications. Previous work has demonstrated the effect of 

elements such as Al, In, Cu, Fe on ZnO nanostructures as single dopants for different 

applications  [39], [46 – 49].   

In this dissertation focus will be on the effect of In 3+ and Co 2+ as single and 

combinational-dopants on the properties of ZnO nanoparticles. In 3+ has ionic radius 

of 0.810 Å, also considered to be one of the best dopants in ZnO nanostructures and 

has been reported to increase the gas sensitivity of ZnO nanoparticles [50]. Co 2+ 

having an ionic radius of 0.745 Å which is comparable to that of Zn 2+ (0.740 Å) has 

been reported to reduce the particle size of ZnO nanoparticles and also enhances its 

optical properties [47]. Only few papers [51 – 55], have reported that doping ZnO 

nanoparticles with a combination of two or more elements can affect the properties of 

ZnO.  
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2.2. Structural Properties of ZnO 

ZnO is mostly found as a white or slightly yellow powder which is insoluble in water 

and ethanol while soluble in dilute mineral acids. It can experimentally be obtained in 

three different polymorphs being the hexagonal wurtzite, cubic rock salt cubic and zinc 

blende structures. Theoretical studies have shown that there exists a fourth phase 

being of a cubic cesium chloride structure at high temperatures but this phase has 

never been experimentally observed [56]. 

The ZnO zinc blende structure is only found to be stable when grown on the cubic 

substrates while the rock salt structure can be obtainable at comparatively high 

pressures. The wurtzite structure is the most stable and also the most common known 

structure of ZnO. An example of a ZnO wurtzite structure is shown in Figure 2.2.1. The 

figure illustrates that the ZnO wurtzite structure consists of interchanging zinc (Zn) and 

oxygen (O) atoms with lattice positions [57]. The illustration displays two surfaces 

being the polar surface (0001), they may be occupied by the Zn or O atom and non-

polar surfaces (1120) and (1010) having equivalent number of atoms for both Zn and 

O [57]. This polar surface in wurtzite ZnO structure is found to be metastable in nature 

and may also be responsible for properties such as piezoelectric [57]. Hexagonal ZnO 

has a space group 𝐶6𝑣
4  in the Schoenflies notation and 𝑝6𝑚𝑐 in the Hermann–Mauguin 

notation.  
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Figure 2.2.1: A typical ZnO wurtzite structure [57]. 
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The interlayer spacing d of this material can be determined using Bragg’s law: 

 𝜆 = 2𝑑 𝑠𝑖𝑛 𝜃,    (2.2.1) 

which is derived from figure 2.2.2. In equation 2.2.1, 𝜆 denotes the incident radiation 

wavelength, θ denotes the angle between layers of the crystal and the incident 

radiation. The lattice parameters of ZnO wurtzite hexagonal structure can be 

determined using the equation: 

1

𝑑(ℎ𝑘𝑙)
2 =

ℎ2

𝑎2 +
𝑘2

𝑏2 +
𝑙2

𝑐2,    (2.2.2) 

where 𝑎 = 𝑏 ≠ 𝑐 with the ratio of 𝑐
𝑎⁄  = 1.633 and (ℎ𝑘𝑙) are the Miller indices. The 

volume of the unit cell can be determined from the equation: 

𝑣 = 0.866𝑎2𝑐 .    (2.2.3) 

The bond length (𝐿) between the Zn and O ions can be determined using the equation 

[58]: 

𝐿 = [
𝑎2

3
+ (

1

2
− 𝑢)

2

𝑐2],   (2.2.4) 

where 𝑢 for the wurtzite ZnO structure may be defined by [58]:  

𝑢 =
𝑎2

3𝑐2 +
1

4
.     (2.2.5) 

In every material there are three types of strains (𝜀) that are present, namely; the 

tensile, the compressive and the shear strain and all of these strains are responsible 

for the deformations in a material. These strains can be determined using different 

equations, where the strain due to the crystal imperfection and the distortion is given 

by:  
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𝜀 =
𝛽(ℎ𝑘𝑙) cos 𝜃

4 sin 𝜃
 ,     (2.2.6)  

where 𝛽(ℎ𝑘𝑙) is the full width at half maximum from the XRD peaks and 𝜃 is the angle 

of diffraction from the XRD pattern. The strain along the 𝑐-axis of the hexagonal ZnO 

material can be given by [59]: 

𝜀 % =
𝑐− 𝑐0

𝑐0
 × 100.    (2.2.7) 

The dislocation density (𝜏) can be calculated using the equation: 

𝜏 =
1

𝐷2,      (2.2.8) 

where D is the particle size of the material. 

 

Figure 2.2.2: Schematic illustration of X-ray diffraction [60]. 
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2.3. Optical Properties of ZnO  

Optical properties of semiconductors are mostly attributed to the intrinsic and the 

extrinsic effects [61]. The intrinsic effect transpires in the region between the 

conduction band and the valence band, where we have electrons and holes 

respectively [61]. This includes the excitonic influence because of the Coulomb 

interaction [61]. These exciton creations occur so that there is balance between the 

group velocity of electrons and holes. The excitons can be grouped into two excitons 

being free and bound excitons; where for materials with greater quality and less 

amount of contamination, the free exciton may also show excited states, in additional 

to their ground-state transitions [61]. Extrinsic properties are mostly due to impurities 

added into the material or defects in a material. These mostly produce separate 

electronic states in the band gap, which tend to affect both the emission processes 

and the optical absorption [61].  

The optical transitions of ZnO materials have been extensively studied using different 

types of experimental methods like reflection, transmission, optical absorption, and 

photoluminescence (PL). Optical absorption, transmission and reflection can entirely 

be used to estimate the band energy gap using different relations, where the Tauc 

relation given by the equation [62]: 

(∝ ℎ𝑣)𝑛 = 𝐴(ℎ𝑣 − 𝐸𝑔)    (2.3.1) 

is applied to determine the energy band gap 𝐸𝑔, where ∝ denotes the absorption 

coefficient, ℎ𝑣 is the photon energy, 𝐴 is a constant and 𝑛 =  2 for direct band gap 

semiconductors. Extrapolating a linear region from a Tauc plot of (∝ ℎ𝑣)2 against ℎ𝑣, 

if (∝ ℎ𝑣)2 = 0, then the x-intercept results as energy band gap (𝐸𝑔). The 𝐸𝑔 can also 

be determined using the equation  
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𝐸𝑔 =  
ℎ𝑐

𝜆𝑐𝑢𝑡 𝑜𝑓𝑓
 ,     (2.3.2) 

where ℎ denotes Planck’s constant, 𝑐 the speed of light and 𝜆𝑐𝑢𝑡 𝑜𝑓𝑓 denotes the cut 

off wavelength. The standard value of the energy band gap for bulk ZnO is reported 

to be 3.36 eV [26], but due to the difference between the bulk and the nanostructured 

material properties the energy band gap of ZnO nanostructures are usually found to 

be different from that of the bulk ZnO [32, 63, 47]. Previous work has shown that the 

band gap of ZnO reduces with increase in annealing temperature and which likewise 

tends to shift the maximum absorption to higher wavelengths [64]. The behaviour of 

optical absorption relative to wavelength in ZnO according to D. Sridevi et al. [65] is 

presented in Figure 2.3.1.  

 

Figure 2.3.1: Optical Absorption of ZnO [65]. 
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Bulk ZnO materials are usually transparent to visible light but yet are found to absorb 

ultra-violet (UV) light below 369 nm, but Behera et al. [66] reported that ZnO 

nanoparticles are believed to have greater UV blocking properties as compared to the 

bulk ZnO, this is due to the fact that nanoparticles have different energy band gaps as 

compared to the bulk materials.  

It has been realized that at room temperature the PL spectrum of ZnO naturally exhibit 

a UV emission band and a broad emission band at longer wavelengths [61]. The UV 

emission band is mostly conquered by the free exciton (FE) emission and the broad 

emission band can be found around 420 - 700 nm, this broad emission is named the 

deep level emission band (DLE) [61]. An example of a photoluminescence spectrum 

of a ZnO sample according to L. Yang et al. [61]  is depicted in Figure 2.3.2.  

 

Figure 2.3.2: A typical Photoluminescence spectra of ZnO [61]. 

The UV emission band is associated to the near band-edge transition of ZnO, being 

the recombination of the free excitons. The DLE band has in some papers been linked 
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to varies defects like O-vacancy (VO) [67 -69], Zn-vacancy (VZn) [70 – 72], O-interstitial 

(Oi) [73], Zn-interstitial (Zni) [74], and extrinsic impurities such as substitution of Zn+2 

by other metals. According to Q. X. Zhao et al. [75], the DLE band has been identified 

and it had been attributed to the VO and VZn defects with different optical properties 

contributing to this DLE band [76, 77]. Some studies may suggest that the growth 

technique is the explanation of the impurities and the intrinsic and extrinsic defects 

implying the dominant defect for the visible emission might be different for different 

growth techniques. So when comparing the defects you have to use the ones of the 

same growth technique. Gong et al. [78] reported that the green band emission is 

mostly due to the oxygen vacancies located in the surface of ZnO nanoparticles and 

by changing the surface states, the green luminescence can effectively be improved.  

2.4. Gas Sensing Properties of ZnO 

A gas sensor is a machine that can be used to measure the concentration of a specific 

gas. These gas sensors are classified in different ways where there can be physical 

sensors, chemical sensors, and biochemical sensors. Every gas sensing material has 

its different properties i.e., operation temperature, sensitivity, selectivity, reversibility 

and the response-recovery time. This implies that every sensor has different 

characteristics and each specific sensor has its best efficiency at a particular 

temperature. The operating temperature is basically the temperature where the 

sensitivity of a sensor is at its maximum. The operating temperature of individual 

sensors can be measured experimentally by exposing the sensor to a specific amount 

of gas, at various temperatures. 

One of the main properties of a gas sensor is said to be the sensitivity, where the 

sensitivity of a material is found to depend on the particle size, surface area, gas 

adsorption quantity on the surface of the material, activation energy of the gas 
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adsorption and lattice defects [45].  Xu et al. [45] reported that when a material has a 

particle size greater than 40 nm, its gas sensitivity reduces rapidly because its surface 

area goes down quickly. P. Qi et al. [79] also reported that nanostructured materials 

have advantages for sensing materials such as sensitivity, operation at room-

temperatures and large surface area required for reduction and construction of bigger 

sensor arrays. Where the greater active sites the surface has, the more sensitive the 

sensor becomes. The sensitivity of a material can be explained as 
𝑅𝑎

𝑅𝑔
 for reducing 

gases and 
𝑅𝑔

𝑅𝑎
 for oxidizing gases, where 𝑅𝑎 represents the resistance of air and 𝑅𝑔 

represents the resistance of the targeted gas. 

Another property playing an important role in gas sensing is the selectivity of the 

sensor. The selectivity of a sensor can be defined as how good can a sensor be able 

to recognize one gas amongst other gases. The selectivity of a sensor can be obtained 

by the ratio of the sensitivity of one particular gas relative to another gas being treated 

in the same conditions [80], equation (2.4.1) describes the selectivity of the sensor. 

selectivity =  |
𝑋𝑔𝑎𝑠 (𝑎)−𝑋𝑔𝑎𝑠 (𝑏)

𝑋𝑔𝑎𝑠 (𝑎)
|    (2.4.1) 

The response and recovery time are another properties that play an important role in 

designing gas sensors. The response time is defined as the time taken by the sensor 

to respond to 90 % of a particular gas concentration while the recovery time is the time 

taken by the sensor signal to return to 10 % of its initial value.  

The mechanism of gas sensors (in these case ZnO sensors) involves an adsorption 

and desorption of oxygen atoms from the atmosphere on the oxide surface of the 

material. These oxides then extract electrons from the material resulting to carrier 

change and electrical conductivity changes [81]. The change in conductivity of the gas 

sensing device can be described as a measure of gas concentration on the surface. 
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In the case of oxidizing gases; conductivity decreases for n-type materials and 

increases for p-type materials. For the reducing gases; conductivity is the reverse the 

oxidizing gases. Due to the fact that the mechanism of the gas sensor is based on 

surface of the material, it implies that nanostructured materials will improve the gas 

sensing properties as compared to the bulk materials as nanostructured materials 

have bigger surface areas.  

In general semiconductors are usually large band gap metal oxides were the 

semiconducting performance of the material occurs from variation of stoichiometry. 

These metal oxides semiconductor materials may be separated into n-type and p-type 

were we have electrons and holes as major carrier respectively. In an n-type we have 

materials such as In2O3, TiO2, SnO2, CdO and ZnO and in an p-type we have materials 

such as NiO, CuO and TeO2. Metal oxide semiconductors materials are broadly being 

investigated as gas sensors due to their low cost and relative simplicity. 

It is in this regard that ZnO is considered as one of the greatest materials of high 

efficiency sensing. The material has high chemical stability and sensitivity to gases 

like NH3, O3, NO2, CO, H2 and many more [43, 82]. The ZnO gas sensors behave 

differently to different gases and it has been reported that gas sensors depend on their 

processing methods, morphology in the surface of the material, sensor construction 

orientation and the operating temperature [43, 82]. Previous work has showed that the 

sensitivity of ZnO nanostructures rises due to an increase in the targeted gas 

concentration [83] but the sensitivity of ZnO nanostructures towards gases such as 

H2, NO2, CO and O2 is relatively low in the absence of dopants on the ZnO 

nanostructures [83]. On the other side these nanostructures are noticed to respond 

badly to gases such as O2, CO, and CH4 at lower temperatures [84] but demonstrate 

a good response toward oxidizing gas such as NO2 [83]. The performance of gas 
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sensors is said to also depend critically on the shape, orientation and the operating 

temperature of ZnO nanostructures being used. Zhu et al. [85] demonstrated that the 

sensitivity depends on the temperature and the maximum sensitivity for thick films is 

between 300 – 400 ˚C which is less than the one of the bulk ZnO being 450 ˚C and 

this reduction is due to the surface area effect of the nanoparticles. In another paper 

Liu et al. [86] gave details on the sensing properties of ZnO nanostructured (nanowires 

and nanorods) and found the grain size reduction to be increasing the sensing 

properties of ZnO nanostructures. Gupta et al. [81] reported that the number of oxygen 

vacancies in a lattice can also improve the gas sensing response of ZnO material. 

2.5. The effect of Particle size on ZnO 

When a material has a smaller particle size it implies that the material will have a 

bigger surface area to volume ratio. This suggests that the smaller the particle size the 

greater the surface area. Hence this informs us that particles size plays an important 

role in a material because nanostructured materials do not have the same properties 

as the bulk materials and therefore the properties of bulk materials can be improved 

by producing their nanomaterials. The particle size 𝐷(ℎ𝑘𝑙) of a material can be 

determined using Debye-Scherrer’s equation: 

𝐷(ℎ𝑘𝑙) =
𝑘𝜆

𝛽(ℎ𝑘𝑙) cos 𝜃
 ,    (2.5.1) 

where  𝜆 denotes the incident waves wavelength, 𝑘 the shape factor (0.89 for spherical 

particles) and 𝛽(ℎ𝑘𝑙) is the full width at half maximum. C. Wang et al. [44] and Z.L.S. 

Seow et al. [87] published that nanoparticles with particle size smaller than 20 nm are 

excellent candidates for applications such as gas sensing, catalysts and solar cells. 

The large surface area can also be advantageous in applications such as sensor 

devices since a metal oxide semiconductor sensor having a large surface area allows 
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more of the targeted analyte to be absorbed in the surface of the semiconductor giving 

a stronger and more measurable response. On the other hand, caution must be 

heeded as having a larger surface area can also be problematic for other applications 

such as optoelectronic devices like LEDs and solar-cells [61]. 

Factors such as growth technique, annealing temperature and dopants have been 

found to be playing an important role in the particle size of the ZnO nanoparticles.  

Yang et al. [88] reported that the particle size of ZnO increase as the annealing 

temperature increases due to the fact that at high temperatures the grain boundaries 

increase causing the particles to grow. Li et al. [47] observed that doping can 

significantly reduce the particles size of the ZnO nanoparticles. Likewise, Xu et al. [45] 

reported that the gas sensitivity depends upon the particle size of ZnO so reducing the 

particle size would improve the gas sensitivity of ZnO and one way of reducing the 

particle size was by introducing dopants in the ZnO nanostructures.  
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Chapter 3 

Methodology 

3.1. Sample Preparation  

All the samples were synthesised through the sol-gel synthesis route. Sol-gel method 

can be used to synthesise powders and thin films of any compounds. In this instance 

ZnO nanoparticles having different morphology can be produced. It has many 

advantages such as its quality to be homogeneous, the ability to introduce dopants in 

larger quantities, control over the structure being prepared, and its capability to coat 

huge and difficult areas compared to other synthesising methods. In a usual sol-gel 

procedure, from the precursors being used a solution is created from the hydrolysis 

and polymerisation. The whole polymerization and loss of solvent results into a solid 

gelation form. Sol-gel technique can generally be divided into two ways, being the non-

alkoxide and the alkoxide. Where the non-alkoxide process uses inorganic salts that 

requires additional eliminations of inorganic anion and the alkoxide process (the most 

employed) uses metal alkoxides.  

The undoped, single doped and double doped ZnO nanoparticle samples were 

synthesised using the following chemicals: zinc acetate dihydrate (C4H6O4Zn∙2H2O), 

ethanol (C2H6O), ethanolamine (C2H7NO), cobalt (II) nitrate hexahydrate 

(CoN2O6∙6H2O) and indium (III) nitrate hydrate (InN3O9∙xH2O) where the water soluble 

salts, i.e. cobalt (II) nitrate hexahydrate and indium (III) nitrate hydrate were used as 

sources of Co and In metal dopants.  All chemicals utilised were standard chemicals 

purchased from Sigma-Aldrich. Single doped ZnO nanoparticles with Co and In where 

prepared at a doping levels of 5 % whereas in the double doping samples, were 

prepared at 2.5 % of each dopant.  
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 When preparing the undoped ZnO nanoparticles 0.2 M zinc acetate dihydrate solution 

was mixed with 0.2 M ethanol in order to obtain homogeneity. This was done at a 

continuous stirring, 0.2 M ethanolamine was added as a stabilizer and then the 

solution was stirred for 2 hours at 70 ̊ C. When preparing the doped ZnO nanoparticles, 

cobalt (II) nitrate hexahydrate or indium (III) nitrate hydrate were added into 0.2 M zinc 

acetate dihydrate solution for the single doped ZnO nanoparticles and cobalt (II) nitrate 

hexahydrate and indium (III) nitrate hydrate were added simultaneously into 0.2 M zinc 

acetate dihydrate solution for the combinational doping then mixed with 0.2 M of 

ethanol in order to obtain homogeneity. Again this was done at a continuous stirring, 

0.2 M ethanolamine was added as a stabilizer and then the solution was stirred for 2 

hours at 70 ℃. The precipitate formed was collected using a filter paper, and dried at 

100 ℃ for 1 hour in a hot air oven. All the ZnO nanoparticles powder samples were 

thus annealed at various temperatures (400 ℃, 500 ℃ and 600 ℃) for 1 hour.  After 

annealing all the samples were taken for characterisation.  
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3.2. Characterisation Techniques  

In order to study the structural properties of the undoped and doped ZnO 

nanoparticles, the samples were characterised using X-ray diffraction (XRD), Raman 

spectroscopy (RS), Transmission electron microscope (TEM) while the optical 

properties were studied using the Ultraviolet-visible (UV-vis), Fourier transformation 

infrared (FTIR) and the Photoluminescence (PL) spectroscopy. 

3.2.1 X-Ray Diffraction  

X-ray diffraction (XRD) is a well-known method that can be used in various 

investigations such as determining the lattice parameters, microstrains and grains or 

particle sizes of crystals. In this study XRD results were obtained using Philips 

Analytical X-Ray B.V diffractometer using CuKα (𝜆 =  0.15405 nm).  

The XRD method is mostly known for its use as a phase characterisation tool because 

it can differentiate between phases having the same chemical composition but 

different crystal structures. An x-ray diffractometer photograph is represented in Figure 

3.2.1. [89]. A specimen sample is irradiated with monochromatic x-rays of wavelength 

𝜆 and the diffracted x-rays get detected by the x-ray detector. A diffraction pattern 

representing the x-rays in the detector is registered from the x-rays in the detector. 
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Figure 3.2.1: X-ray diffraction equipment photograph [89]. 
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3.2.2 Raman Spectroscopy 

Raman spectroscopy (RS) is an analytical technique that uses inelastic scattering of 

monochromatic light to obtain the properties of a material. During the Raman 

scattering technique, a photon from a particular light source interacts with molecules 

from the sample and is then scattered into the surroundings in all directions. After this 

process the photons loses or gains energy that is later detected and analysed by the 

instrument [90]. A photograph of a typical Raman spectrometer Jobin Yvon LabRAM 

HR 800 UV-VIS-NIR that was employed in the current study is shown in Figure 3.2.2. 

[91].  

  

Figure 3.2.2: A photograph of a Raman spectroscopy machine [91]. 
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In the Raman spectroscopy there are three types of scattering happening; the 

Rayleigh, Stokes and anti-Stokes scattering [92]. In the Rayleigh scattering a light 

source hits a molecule which results in an electron in the ground vibrational state 

absorbing a photon with a frequency, 𝑣0 and moves to a higher vibrational state [90], 

[92]. After relaxation the excited electron will then return to their original ground 

vibrational state an a radiation with the same frequency, 𝑣0 as an excitation source is 

emitted [90]. In the Stokes an electron in the ground vibrational state absorbs a photon 

with a frequency, 𝑣0 and moves to a higher vibrational state. Thereafter, the electron 

relaxes to a lower vibrational state with the energy higher than that of the ground 

vibration state of frequency 𝑣𝑚 [90]. As a consequence, the electron emits a photon 

with frequency,  𝑣0 −  𝑣𝑚. For the anti-Stokes scattering an electron in the vibrational 

state higher than the ground vibrational state of frequency 𝑣𝑚 absorbs a photon with a 

frequency, 𝑣0 [90]. Subsequent relaxation the electron moves to the ground vibrational 

state emitting a photon with frequency  𝑣0 +  𝑣𝑚 [90]. A diagrammatic representation 

of the Raman spectroscopy scatterings described over is shown in Figure 3.2.3. [93]. 

Rayleigh scattering is considered to be elastic while Stokes and anti-Stokes are 

inelastic. Stokes scattering is the scattering that is mostly used in the Raman 

spectroscopy since the electrons in most of the molecules are found at ground 

vibrational state [90]. Raman spectroscopy can provide information about vibrational 

spectra of numerous molecules and crystals. 
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Figure 3.2.3: Schematic illustration of transitions experienced in Raman scattering [93]. 
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3.2.3 Transmission Electron Microscope 

TEM is an imaging method where a ray of electrons are transmitted over a sample, 

and then those transmitted electrons are projected on the screen in a form of an image 

about that sample [90, 94]. The image is then enlarged and focused to be seen on 

either the fluorescent screen or it can be detected by a CCD camera [94 – 96]. TEM 

can study the size, shape and orientation of particles which make up a particular 

material as and well as how they relate to each other at an atomic level [94]. Materials 

that can be analysed using this method need to have sizes insignificantly sufficient to 

allow electron to pass through and must be to be produced by the coating  a dilute 

sample containing the sample on the support grids.  

Its possibility of high magnifications has made it an important instrument in different 

field such as medicine, biology and material sciences research [97]. In these entire 

fields, the sample must be very thin and be able to withstand the high vacuum that 

occurs in the instrument while operating [97]. In this study the TEM used is the Tecani 

G2 transmission electron microscope, an image of the TEM used is presented in 

Figure 3.2.4. [98]. 
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Figure 3.2.4: A photograph of a transmission electron microscope [98]. 
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3.2.4 Ultraviolet-Visible Spectroscopy 

Ultraviolet-visible spectroscopy (UV-Vis) is the spectroscopy that probes using 

photons in the ultraviolet and visible region from the electromagnetic spectrum [99]. In 

the UV-Vis region of the electromagnetic spectrum, atoms and molecules undergo 

electronic transitions where this allows an examination of electronic and optical 

properties of materials. When a light of a wavelength or radiation interacts with atoms 

or molecules, a number of processes can occur during the interaction, including 

reflection, transmission, scattering, absorption and emission [99, 100]. The UV-Vis 

spectroscopy is generally used to determine the absorbance of a material. The UV-vis 

spectroscopy is governed by the Lambert's Law which tells us that each layer of 

equivalent width of an absorbing material absorbs an equivalent amount of energy that 

pass through it [99, 100] and if the intensity of the initial light is given by 𝐼0 and the light 

that passes through is denoted by 𝐼, then the fraction transmitted defined as: 

𝐼

𝐼0
= 𝑇      (3.2.4.1) 

where the transmitted percentage is given as: 

%𝑇 =
𝐼

𝐼0
× 100.    (3.2.4.2) 

The absorbance:  

𝐴 = log10 (
𝐼0

𝐼⁄ ) 

= 𝑙𝑜𝑔10(100
𝑇⁄ )  

= 𝜀𝑐𝐿 
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where 𝐿 denotes the length of the radiation path through the material, 𝑐 defined as the 

concentration of absorbing molecules in the particular path and 𝜀 is the coefficient of 

the molar extinction. 

3.2.5 Fourier Transform Infrared Spectroscopy 

Fourier transform-infrared spectroscopy (FTIR) is an instrument used to identify 

organic and inorganic materials [101]. The spectroscopy mainly gives the information 

about the specific molecular structures present in a material, this occurs when an IR 

energy is directed through a sample where part of the infrared radiations get to be 

absorbed and some is gets to be transmitted through the sample.  The results obtained 

from the absorption and transmittance of the sample then gives the molecular type of 

bond in the material [102]. This radiation absorption occurs under two conditions; firstly 

when an infrared radiation interacts with the molecule undergoing a change in dipole 

and secondly when the incoming infrared photons have sufficient energy to move to 

the next vibration energy state [101]. 

Each infrared spectrum is said to represent a unique fingerprint of a material with 

absorption peaks corresponding to the frequencies of the vibrations between the 

bonds of the atoms making up that particular material [101]. This tell us that each and 

every material has a different combination of atom, hence not more than one 

compound or combination of atoms can have the same infrared spectrum. In this study 

the FITR model used is the Nicolet iS10 FT-IR Spectrometer; an image of the FTIR 

used is presented in Figure 3.2.5. [103]. 
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Figure 3.2.5: An image of Nicolet iS10 FT-IR Spectrometer [103]. 
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3.2.6 Photoluminescence (PL) Spectroscopy 

PL can be defined as the emission of light from a material under optical excitation from 

a particular light source. This excitation occurs when a light having a particular energy 

is incident on a material and the material absorbs photons with some of the electrons 

from the material getting excited and move to higher energy states, eventually these 

electrons emit photons and return to the ground state [104]. These emitted photons or 

light are called the photoluminescence and the energy of the photons is the direct 

measure of the energy band gap. A process of emission of the photoluminescence is 

represented in Figure 3.2.6. [105]. Since different materials can absorb and emit 

energy of different wavelength, these photons can be used to get information or 

identify a particular material [106].  

The PL spectra can be obtained by either varying the intensity of the emitted radiation 

as a function of excitation wavelength or as a function of emission wavelength where 

in an excitation spectrum the excitation wavelength is varied while keeping the 

emission wavelength fixed [104]. In an emission process a monochromatic light source 

is selected in order to excite a particular material where the intensity of the emitted 

radiation is varied as a function of wavelength [104]. PL spectrum gives transition 

energies that may be used to identify electronic energy states of a material. The 

intensity of the PL spectrum measures the relative rates of radiative and non-radiative 

recombination [104]. Photoluminescence is usually used to [106, 107]:  

 study and understand the processes of the recombination, 

 identify the surface, interface, and impurity levels, 

 detect the defect in the material and 

 determine the energy band gap of a material. 
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Figure 3.2.6: A process of emission of the photoluminescence spectra [105]. 
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3.2.7 Gas Sensing 

When preparing the samples for gas sensing, the synthesised ZnO nanoparticle 

samples were mixed with ethanol then drop-coated on the surface of the aluminium 

substrate having to Pt electrodes one side and a heater on the other side. Four 

samples were prepared for the undoped, In and Co single doped and Co and In 

combinational doped ZnO nanoparticles. The substrates were then inserted into a 

chamber inside the machine shown in Figure 3.2.7. The samples were exposed to 

concentrations: 5, 10, 20, 40, 60, 80, and 100 ppm of CH4, CO, NH3 and H2 gases.  

The humidity measurement were carried out for the set RH % as 10, 20, 30 40, 50, 

60, 70, 80, 90 and 100%. The samples were analysed for different temperatures (250, 

300, 350 and 400 °𝐶) in order to find the better operating temperature. These electrical 

characterisations were done at a constant biasing voltage of 0.5 V and the resistance 

was measured using the kinesistec testing station as shown in Figure 3.2.7. The gas 

in and out time periods were set at 5 minutes each respectively.  

 

Figure 3.2.7: Kinesistec testing station used for gas sensing in this study 
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Chapter 4 

Structural Studies 

4.1. XRD Results 

In this study the XRD characterisations were done in order to investigate the structural 

properties of the Co and In single doped and Co and In co-doped ZnO nanoparticles. 

The results are shown in figures 4.1.1 to 4.1.4. It can be seen that the prepared 

undoped and doped ZnO nanoparticles are of a hexagonal wurtzite structure. The ZnO 

peaks were observed at 2θ = 31.770, 34.432, 36.265, 47.562 and 56.631⁰ which 

belongs to the (100), (002), (101), (102) and (110) planes respectively. These peaks 

are consistent with those on the reported standard card values (JCPDS No. 36-1451). 

The peaks are found to be sharp indicating that the prepared samples are crystallised. 

No peaks related to Co or In were detected in the samples indicating that Co and In 

ions have substituted for the Zn ions and that In and Co were successfully incorporated 

into the ZnO nanostructure. Similar contention results were obtained by M. 

Thambidurai et al. [108], H. Gu et al. [54], R. Bhargava et al. [46], S. Kumar et al. [109], 

and D. Fang et al. [110]. Only Al peaks were detected in the XRD patterns belonging 

to the XRD sample holder (peaks indicated by asterisk (*)), the peaks were indexed 

as (111) and (200) COD entry No 96-431-3207. 
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Figure 4.1.1: XRD patterns of undoped-ZnO at 400, 500 & 600 °𝐶. 
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Figure 4.1.2: XRD patterns of Co-doped-ZnO at 400, 500 & 600 °C. 
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Figure 4.1.3: XRD patterns of In-doped-ZnO at 400, 500 & 600 °C. 
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Figure 4.1.4: XRD patterns of In-Co-doped-ZnO at 400, 500 & 600 °C. 
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The lattice parameters were calculated from the XRD result using the (100) and the 

(002) planes.  The values of the lattice parameters are represented in table 4.1.1. For 

the undoped ZnO nanoparticles the lattice parameters are observed to increase with 

an increase in annealing temperature. For the Co-doped ZnO nanoparticles the lattice 

parameters increased as compared to the undoped ZnO nanoparticles (S. Kumar et 

al. [109] and A. Mesaros et al. [111] reported similar results) and are found to be 

slightly increasing with an increase in temperature. For the In doped ZnO 

nanoparticles the lattice parameters decrease compared to the undoped ZnO 

nanoparticles (Thambidurai et al. [108] reported similar results) and increase with an 

increase in temperature. For the In-Co co-doped the lattice parameters are small in 

comparison with the undoped ZnO nanoparticles and increase with increasing 

temperature.   

The bond length of the undoped and doped ZnO nanoparticle samples were 

determined and a difference was observed between the bond length of the undoped 

and doped ZnO nanoparticles, that was due to the introduction of the In and Co 

dopants into the ZnO structure.   

The particle size of all the samples were determined from the XRD results and 

presented in table 4.1.1. The particle size of the Co-doped, In-doped and In-Co co-

doped ZnO particles are found to be 19.054, 22.136, 11.498 nm respectively. This 

indicates that the introduction of Co and In dopants reduced the particle size from 

42.419 nm of the undoped ZnO nanoparticles and this reduction significantly 

happened to the In-Co co-doped ZnO nanoparticles. The particle sizes of all the 

prepared samples were found to increase with temperature and this is due to the fact 

that annealing at high temperature is found to enhance the mobility of atoms and also 
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decreasing the diffusion rate, where enhanced mobility at high temperatures reduces 

the grain boundary tension letting the grain size or particle size to grow [112 – 114]. 

Results comparable to these were reported by D. Fang et al. [110] and A.K. Zak et al. 

[115] .  

The strain on the nanoparticles for all the prepared ZnO nanoparticles has also been 

determined, an inverse relationship has been observed between the strain and the 

particle size. The strain is also found to decrease with an increase in temperature 

which implies that the peak broadening is due to the particle size.  

Table 4.1.1: Lattice parameters a, b and c, bond length L, average particle size D and average 

strain ε. 

 

 

Sample Name 

 

 

Temperature 

(ᵒC) 

 

 

a = b 

(nm) 

 

 

c 

(nm) 

 

 

L 

(Å) 

 

 

 

D 

(nm) 

 

 

𝛆 

(× 𝟏𝟎−𝟑) 

Undoped-ZnO  

  

400  0.32491 0.52048 3.9096 42.41895 2.4014 

500  0.32500 0.52070 3.9122 52.26525 1.9509 

600  0.32575 0.52177 3.9296 53.51675 1.9108 

Co-doped ZnO  400  0.32582 0.52170 3.9289 19.05428 5.3637 

500  0.32370 0.51861 3.8809 20.13383 5.0575 

600  0.32566 0.52131 3.9260 32.38677 3.1506 

In-doped ZnO 400  0.32428 0.51892 3.8919 22.13600 4.6034 

500  0.32480 0.51953 3.9034 21.72721 4.7072 

600  0.32533 0.51969 3.9128 22.61027 4.5066 

In-Co doped 

ZnO 

400  0.32394 0.51830 3.8833 11.49835 8.9786 

500  0.32474 0.51939 3.9016 13.16581 7.8151 

600  0.32672 0.52164 3.9450 16.30980 6.3561 
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4.2. TEM Results 

The TEM measurements were performed for the undoped ZnO nanoparticles at 

400 ℃, the In and Co single doped ZnO nanoparticles and the In-Co co-doped ZnO 

nanoparticles annealed at 400 ℃, 500 ℃ and 600 ℃. The results of the energy-

dispersive x-ray spectroscopy (EDS) and the transmission electron microscope (TEM) 

images are represented in figures 4.2.1 - 4.2.10. In the case of the undoped ZnO 

nanoparticles annealed at 400 ℃ spherical partciles can be seen in figure 4.2.2 and 

alongside the spherical nanoparticles there are big rods which are basically created 

when spherical nanoparticles come together and hence smaller particles can be seen 

inside the rods. Similar results were reported by Liguo Xu et al. [116]. From figure 

4.2.2, EDS results confirmed that Co has been doped into ZnO nanoparticles and the 

spherical nanoparticles can be observed on the TEM image. Similar results can be 

observed in figure 4.2.5 and figure 4.2.8. Looking at figure 4.2.1; the EDS results 

confirmed the presence of In in the medium and showed that the nanoparticles are 

spherical. In a similar manner figures 4.2.6 and 4.2.9 confirm the results. From figure 

4.2.4, EDS results confimed the precence of both In and Co, impliying that both In and 

Co were sucessfully doped into the ZnO nanoparticles. Comparable effects have been 

observed in figure 4.2.2 and 4.2.10. In all the doped samples it can be seen that as 

the temperature increases, the nanoparticles became more agglomated and hence 

the particle size increases, and this consequence is coherent with the XRD results. 
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Figure 4.2.1:  EDS and TEM of undoped ZnO 400 ℃. 

 

Figure 4.2.2: EDS and TEM of Co-ZnO 400 ℃. 
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Figure 4.2.3: EDS and TEM of In-doped ZnO 400 ℃. 

 

Figure 4.2.4: EDS and TEM of In-Co-doped ZnO 400 ℃. 
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Figure 4.2.5: EDS and TEM of Co-doped ZnO 500℃. 

 

Figure 4.2.6: EDS and TEM of In-doped ZnO 500 ℃. 
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Figure 4.2.7: EDS and TEM of In-Co-doped ZnO 500 ℃. 

 

Figure 4.2.8: EDS and TEM of Co-doped ZnO 600 ℃. 
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Figure 4.2.9: EDS and TEM of In-doped ZnO 600 ℃. 

 

 

Figure 4.2.10: EDS and TEM of In-Co-doped ZnO 600 ℃. 
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4.3. Conclusion  

The undoped ZnO nanoparticles, In and Co single doped ZnO nanoparticles and the 

In and Co co-doped ZnO nanoparticles were successfully synthesised using the sol-

gel method. The XRD results showed that the samples prepared were of the ZnO 

wurtzite crystal structure. The lattice parameters of the prepared samples were 

calculated and found to be similar to the reported values of the bulk ZnO. The bond 

length of the undoped and doped ZnO nanoparticle samples were calculated and 

found to be different indicating the presence of In and Co dopants. The average 

particle sizes were estimated and it was found that single doping ZnO nanoparticles 

with In and Co reduced the average particle size while co-doping reduced them even 

further. It was also observed that the average particle size increase with an increase 

in temperature. The strains of the prepared samples were also determined using the 

XRD results and it was observed to be inversely proportional to the average particle 

size. The TEM images showed that the prepared samples were spherically shaped 

while the EDS results confirmed that the In and Co was successfully doped into the 

ZnO nanoparticle structure.   

 

 

 

 

 

 

 

 

 

 



46 
 
 

Chapter 5 

Optical Studies 

5.1. UV-Vis Results 

In order to understand the optical properties of the prepared samples, the absorbance 

of all the undoped and doped ZnO nanoparticle samples were measured using UV-vis 

spectroscopy. The absorbance spectra’s are presented in figures 5.1.1 - 5.5.4. From 

all the UV-vis spectra it can be seen that below a wavelength of 500 nm, the spectrum 

gets noisy. In all the samples doped with Co three additional absorption peaks can be 

observed between 550-700 nm and these peaks were assigned to 4A2(F)→2A1(G), 

4A2(F)→4T1(P) and 4A2(F) →2E(G) transitions [111, 117, 118]. This may be suggesting 

that the Zn2+ ions in the ZnO hexagonal wurtzite structure have been replaced by the 

tetrahedrally coordinated Co2+ ions [117]. The results are corroborated by Mesaros et 

al. [111] who used wet-chemical synthesis route, Bouloudenine et al. [119] using 

hydrothermal methods, and Nam et al. [120] who used sol-gel spin coated films. 

Table 5.1.1 Energy band gap of undoped ZnO, Co doped ZnO, In doped ZnO, and In-Co co-
doped ZnO in comparison with bulk ZnO of reference [26]. 

Sample Name Temperature (ᵒC) Eg (eV) 

Bulk ZnO [26] - 3.37 

Undoped-ZnO 400 3.10 

500 2.91 

600 2.69 

Co-doped ZnO 400 2.53 

500 2.48 

600 2.46 

In-doped ZnO 400 2.74 

500 2.70 

600 2.65 

In-Co doped 400 2.43 

500 2.22 

600 2.17 
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From the absorbance spectra the band energy gaps of the undoped and doped ZnO 

nanoparticles samples were determined and tabulated in table 5.1.1. The energy band 

gaps of the undoped ZnO nanoparticles were found to be smaller than the reported 

values for the bulk ZnO (3.37 eV) [26], similar results were previously obtained for the 

ZnO nanoparticles [47, 110]. The energy band gaps of the doped samples reduced 

even further compared to the undoped ZnO nanoparticles when the dopants were 

introduced in the ZnO nanoparticles and this reduction or redshift is due to the 

introduction of dopants into the structural properties of ZnO nanoparticles. P. Li et al., 

[47], A. Mesaros et al., [111], N.F. Djaja et al., [121] and C. Tsay et al., [122] also 

reported a reduction in energy band gap with an introduction of dopants in the ZnO 

nanoparticles. The energy band gaps of all the prepared samples were also found to 

decrease with increase in the annealing temperature and this was due to the increase 

in the particle size since there is an agglomeration of nanoparticles [123]. Similar 

results were reported by J. El Ghoul et al. [124].   
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Figure 5.1.1: Absorbance spectra of undoped ZnO at 400, 500 and 600 °C. 
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Figure 5.1.2: Absorbance spectra of Co-doped ZnO at 400, 500 and 600 °C. 
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Figure 5.1.3: Absorbance spectra of In-doped ZnO at 400, 500 and 600 °C. 
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Figure 5.1.4: Absorbance spectra of In-Co co-doped ZnO at 400, 500 and 600 °C. 
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5.2. FTIR Results  

In order to investigate and identify organic and inorganic materials in the prepared 

samples the FTIR studies were also performed. The FTIR spectra’s are presented in 

Figures 5.2.1 - 5.2.4. All the figures indicate four main bands that can be observed 

between 1507-1524 cm-1, 1351-1398 cm-1, 853-869 cm-1 and 510-598 cm-1. FTIR 

bands located between 1507-1524 cm-1 can be assigned to the 𝐶 = 𝑂 vibrations 

according to T. Gfroerer et al. [125]. The bands near 1351-1398 cm-1 are assigned to 

the 𝐻 − 𝑂 − 𝐻 bending vibration from the zinc acetate dehydrate that was used as the 

precursor [126]. C. Reber [127] together with P. A. Rodnyi et al. [128]  findings ascribe 

the bands located at 510-598 cm-1 and 853-869 cm-1 to Zn-O vibrations. In addition S. 

Suwanboona et al. [129] and P. P. Sharmila et al. [130] reported that the modes 

between 510-598 cm-1 and 853-869 cm-1 confirm that the prepared samples are of ZnO 

nature. The results are consistent with the XRD results discussed in the previous 

chapter. The findings further confirm that the prepared samples are of the ZnO 

hexagonal wurtzite structure, similar results were obtained by K. Raja et al. [126]. 
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Figure 5.2.1: FTIR spectra of undoped doped ZnO nanoparticles annealed at 400 ℃, 500 ℃ 
and 600 ℃ 

 

 

 

Figure 5.2.2: FTIR spectra of Co-doped ZnO nanoparticles annealed at 400 ℃, 500 ℃ and 

600 ℃. 
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Figure 5.2.3: FTIR spectra of In-doped ZnO nanoparticles annealed at 400 ℃, 500 ℃ and 
600 ℃ 
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Figure 5.2.4: FTIR spectra of In-Co co-doped ZnO nanoparticles annealed at 400 ℃, 500 ℃ 
and 600 ℃. 
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5.3. Raman Results  

The vibrational properties of the undoped and doped ZnO nanoparticle samples were 

investigated using an excitation wavelength of 514 nm. The group theory predicts that 

the ZnO wurtzite hexagonal structure has a space group of 𝐶6𝑣
4  [131]. This can be 

described by the phonon modes near the centre of the Brillouin zone given by the 

equation: Γ =  𝐴1 +  2𝐵1 +  𝐸1 +  2𝐸2, where 𝐴1, 𝐸1 and 2𝐸2 are Raman active modes 

and 2𝐵1 is the forbidden mode of ZnO [131, 132]. 𝐴1 and 𝐸1  are polar and they split 

into two modes namely; transverse optical (TO) and longitudinal optical (LO) phonons 

and 𝐸2  is divided into  𝐸2
𝑙𝑜𝑤 and   𝐸2

ℎ𝑖𝑔ℎ
, the 𝐸2

𝑙𝑜𝑤 mode is associated with the vibration 

of the heavy Zn sublattice, while 𝐸2
ℎ𝑖𝑔ℎ

 is coupled to the vibration of oxygen atoms in 

the ZnO [131].  

For all the prepared samples the vibration modes are presented in table 5.3.1. The 

peaks near 325.1-329.6 cm-1 are assigned to the  𝐸2
ℎ𝑖𝑔ℎ

− 𝐸2
𝑙𝑜𝑤 phonon modes, similar 

results were obtained for the undoped and metal doped ZnO nanoparticles reported 

by R. Y. Sato-Berru et al. [133]. The peaks at 374.8 - 376.0 cm-1 belong to the 𝐴1(TO) 

modes [134]. The peaks near 430.0 - 434.3 cm-1 can be attributed to the ZnO 

𝐸2
ℎ𝑖𝑔ℎ

 phonons, whilst the peaks around 562.5 - 581.2 cm-1 and the peak at 406.5 cm-

1 belong to the  𝐸1(LO) mode and  𝐸1(TO) respectively. The peaks at 687.5 - 696.5 cm-

1 can be assigned to the TO+ LO phonons.   

N. Romcevic et al. [135] and S. Kumar et al. [109] reported that the modes between 

430.0 - 435.4 cm-1 confirms that the samples prepared are of ZnO wurtzite hexagonal 

crystal structure. A decrease in Raman intensity with an increase in temperature, also 

a redshift with an introduction of dopants were observed for the peaks around 430.0 - 

435.4 cm-1. S. Kumar et al. [109] reported similar results where a decrease in Raman 
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intensity and a redshift for the Co and N co-doped ZnO nanopowders were obtained.   

M. Schumm et al. [136] and L. Yang et al. [137] also reported that the peaks around 

562.5 - 581.2 cm-1 were due to the defects such as oxygen vacancies (VO), zinc 

interstitials (Zni) and/or free carriers in some papers.  

In the sample Co doped ZnO annealed at 600 ℃ the peaks 479.7 and 701.4 cm -1 are 

associated with Co3O4 [109], while the peak at 518.6 cm -1 is attributed to the Si 

substrate [134]. 

Table 5.3.1: Raman vibration modes (𝑐𝑚−1) along with their assigned symmetry in undoped 
ZnO, 5% Co doped ZnO, 5% In doped ZnO, and 5% In-Co doped ZnO. 

Sample Name Symmetry (cm -1) 

𝐸2
ℎ𝑖𝑔ℎ

− 𝐸2
𝑙𝑜𝑤 

 

𝐴1 

(TO) 

𝐸1 

(TO) 

𝐸2
ℎ𝑖𝑔ℎ

 𝐴1 

(LO) 

𝐸1 

(LO) 

TO+ 

LO 

Undoped ZnO 400 ℃, 

500 ℃ & 600 ℃ 

329.6 376.0 406.5 434.3 - 581.2 

 

- 

5% Co doped ZnO 400 

℃, 500 ℃ & 600 ℃ 

325.3 - - 430.6 - 562.8 - 

5% In doped ZnO 400 

℃, 500 ℃ & 600 ℃ 

327.5 374.8 - 433.2 - 578.9 696.5 

5% In-Co doped ZnO 

400 ℃, 500 ℃ & 600 ℃ 

325.1 - - 430.0 - 562.5 

 

- 
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Figure 5.3.1: Raman spectroscopy of undoped doped ZnO nanoparticles annealed at 400 ℃, 

500 ℃  and 600 ℃ 
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Figure 5.3.2: Raman spectroscopy of 5% Co-doped doped ZnO nanoparticles annealed at 
400 ℃, 500 ℃ and 600 ℃ 
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Figure 5.3.3: Raman spectroscopy of 5% Co-doped doped ZnO nanoparticles annealed at 

400 ℃, 500 ℃ and 600 ℃ 
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Figure 5.3.4: Raman spectroscopy of 5% In-Co co-doped doped ZnO nanoparticles 
annealed at 400 ℃, 500 ℃ and 600 ℃. 
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5.4. Photoluminescence (PL) Results   

In order to study defects and optical properties of the prepared ZnO nanoparticles, PL 

measurements were performed using the excitation wavelength of 325 nm and the 

results are represented in figures 5.4.1 - 5.4.4. Two mean emission peaks of ZnO 

identified as UV emission peak and the visible emission peak (also known as the deep 

level emission) are observed in the undoped ZnO nanoparticles (see figure 5.4.1), 

similar results were reported by L. Yang et al. [61], S.K. Gupta et al. [81] and D. Fang 

et al. [110]. A red shift can be seen from the UV emission of the undoped ZnO 

nanoparticles with an increase in annealing temperature while for the In doped ZnO 

nanoparticles a blue shift is observed with an increase in annealing temperature. The 

UV emission of the Co doped ZnO is at low wavelength for the sample annealed at 

400 ℃ and at higher wavelength for the sample annealed at 600 ℃, similar results 

were observed for the In-Co co-doped ZnO nanoparticles and this could be due to the 

presence of Co into the ZnO nanoparticles. These results are similar to the results 

obtained in the UV-vis measurements of sub-section 5.1.  

 

Figure 5.4.1: Energy levels of different defect states of Zinc Oxide [138]. 
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Not much evidence is known about the deep level emission peak and its formation, 

but S. Suwanboon et al. [129] and S. Chang et al. [139] reported that the deep level 

emission is related to the singly ionized oxygen vacancy in ZnO, while P.S. Xu et al. 

[138] suggested that these deep level emissions can be attributed to the oxygen 

interstitials. 

M. Wilande et al. [140], reported that the deep level emission could be a combination 

of different deep levels mainly being the intrinsic and the extrinsic emissions.  In the 

present study the deep level emission peaks are found to be between 2.08 and  2.29 

eV and with reference to figure 5.4.1 [138], this emissions can be attributed to oxygen 

interstitials, with a shift to lower wavelength observed with an increase in annealing 

temperature.  Other peaks are observed in the doped ZnO nanoparticles samples at 

1.45 – 1.80 eV. These peaks can be assigned to oxygen vacancies according to P.S. 

Xu et al. [138]. 
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Figure 5.4.2: PL spectrum of undoped ZnO nanoparticles annealed at 400 ℃, 500 ℃ and 

600 ℃. 
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Figure 5.4.3: PL spectrum of Co-doped ZnO nanoparticles annealed at 400 ℃, 500 ℃ and 
600 ℃. 
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Figure 5.4.4: PL spectrum of In-doped ZnO nanoparticles annealed at 400 ℃, 500 ℃ and 
600 ℃. 
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Figure 5.4.5: PL spectrum of In-Co co-doped ZnO nanoparticles annealed at 400 ℃, 500 ℃ 

and 600 ℃. 
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5.5. Conclusion 

From the UV-vis results the energy band gap of all the prepared samples were 

determined and found to be smaller than the energy band gap of the reported bulk 

ZnO. The energy band gaps of the doped ZnO nanoparticles were found to decrease 

with an introduction of dopants as compared to the undoped ZnO nanoparticles. The 

energy band gaps of the undoped and doped ZnO nanoparticles were also observed 

to decrease with an increase in temperature. The PL measurements were performed, 

and found to be consistent with the UV-vis results. The Raman studies jointly with the 

FTIR results showed that the prepared samples were of the ZnO hexagonal wurtzite 

crystal structure. The two characterisations further confirmed the XRD results about 

the crystal phase of the ZnO nanoparticles presented here. 
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Chapter 6 

Gas Sensing Applications 

6.1. Gas sensing Results 

In this chapter gas sensing applications were performed for the undoped, Co and In 

single doped and Co and In combinational doped ZnO nanoparticles for the humidity, 

carbon monoxide (CO), ammonia (NH3), methane (CH4) and hydrogen (H2) gases. 

The humidity measurement were done for the set of Relative Humidity (RH) % as 10, 

20, 30 40, 50, 60, 70, 80, 90 and 100 %, while the gas concentration of target gasses 

were at 5, 10, 20, 40, 60, 80, and 100 ppm. These measurements were then performed 

at temperatures 250, 300, 350, 400 ⁰C in order to investigate the best suitable 

temperature for sensing device. The response(s) was (were) determined as 

S =
𝑅𝑎

𝑅𝑔
⁄        (6. 1) 

where 𝑅𝑎 is the resistance of the sensor in synthetic air and 𝑅𝑔 is the resistance of the 

sensor in the presence of targeted gas diluted in synthetic air. The stimuli (gas or 

humidity) ON and OFF time periods were set at 5 minutes each respectively and the 

biasing voltage was kept constant at 0.5 V. The response time was defined as the time 

required obtaining 90% of the steady response value while the recovery time was 

defined as the time attaining 10% of the initial response value. 

Figure 6. 1 represents the response of the humidity measurements performed for the 

undoped, In, Co single doped and In, Co co-doped ZnO nanoparticles samples. It can 

clearly be seen that the response of the undoped ZnO nanoparticle sample is very low 

as compared to any of the doped ZnO nanoparticle samples where the inset of Figure 

6. 1 shows the response of the undoped and In-doped ZnO nanoparticle. The 
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maximum response of the undoped and the In-doped ZnO reached the RH of 50 % 

while the maximum of the Co-doped and the Co-In co-doped ZnO reached the RH of 

100 %. The response/recovery time were determined for the prepared samples at the 

RH of 100 %; the values for the response/recovery time were found to be 

267.13910/29.63917, 271.29510/25.54768, 270.42520/25.21477 and 

263.65970/27.40549 for the undoped, Co-doped, In-doped and Co-In co-doped ZnO 

nanoparticle samples respectively. The response/recovery of the Co-In co-doped ZnO 

nanoparticles are observed to be smaller as compared to the undoped and the In, Co 

single doped ZnO nanoparticle samples. 
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Figure 6. 1: Response of the undoped ZnO, In doped, Co doped and In-Co co-doped ZnO 
nanoparticle sensors to Relative Humidity (RH). 
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Figure 6. 2: Responses of each sensor plotted against concentration of gases (a) CO (b) 
CH4 (c) NH3 and (d) H2. 
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Co-doped and In-doped ZnO sensors saturate below 20 ppm but the pure ZnO and 

the In-Co-doped ZnO both respond favourably to high concentrations of H2 up to 60 

ppm where the pure ZnO sensor gives in to the In-Co-ZnO sensor which start to show 

signs of saturation at higher H2 concentrations than 80 ppm. In all gas environments 

considered here, the In-Co-doped ZnO shows the highest response to each gas 

considered showing that co-doping of In and Co in ZnO has the better advantage than 

singly doped samples as well as pure ZnO. 

Further on Figure 6. 3 give a picture of responses of the same sensors against the 

temperature when these sensors are exposed to (a) CO (b) CH4 (c) NH3 and (d) H2. 

One immediately observed peaks in such plots which have commonly been observed 

in temperature programmed sensing experiments and have here-in been fitted with 

the response-temperature equation based on the convolution of adsorption-

temperature and the semiconductor resistance-temperature equations given by [141, 

142] 









 T
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ad .0
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where 0 is the response at absolute zero temperature, A is the response at optimum 

temperature 𝑇𝑜𝑝𝑡 =
𝐸𝑎𝑑

𝑘𝐵
⁄ , 𝐸𝑎𝑑 is the adsorption energy and  is the rate per K of 

resistance decrease as temperature is raised in a semiconductor. 

Equation 6. 2 can be fitted to the experimental data and the parameters 0, A, 𝐸𝑎𝑑 and 

  can be extracted from the fitting or the equation can be re-written as: 

  2
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This process reduces the task from a complicated fitting of Equation 6. 2 to the one of 

fitting a simple quadratic equation. Here an easily modified response-temperature data 

can be analysed. 

 

Figure 6. 3: Response of the undoped ZnO, In doped, Co doped, and In-Co co-doped ZnO 
samples plotted against temperature when exposed to 40 ppm of (a) CO (b) CH4 (c) NH3 

and (d) H2 gases. 

 

Pure ZnO and In-doped ZnO shows no hump in the temperature range considered 

when they are exposed to CO and CH4 suggesting that the optimum responses in 

these sensors is above 620 K. Due to Co single doping as well as In-Co co-doping of 

ZnO, the optimum response temperature is reduced down to about 570 K (about 300 

C) as one can see in both Figure 6. 3 (a) and (b). When exposed to NH3, all sensors 

show a hump at the same 570 K except the Co-ZnO sensor which shows its distinct 
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peak at 620 K. This suggests that In rather than Co is responsible for the reduction of 

the optimum temperature to 570 K although Co-ZnO sensor suggest that there is a 

shoulder at around 570 K. In the presence of H2 both single doped ZnO sensor show 

that their optimum temperature are higher than 640 K. The pure ZnO sensor shows a 

very little hump around the same temperature where In-Co-ZnO shows its distinctly 

high response to H2 at 570 K.  

All these results show that doping the ZnO with either Co or In can reduce or increase 

the optimum temperature but co-doping will consistently reduce this optimum 

temperature from higher than 620 K to about 570 K. Also this study shows that co-

doping of Co and In in ZnO presents the highest responses regardless of gas 

environments.  

A summary of the fitting parameters obtained using Equation 6. 2 and 6. 3 as well as 

the response and recovery times for all the sensors are given in Table 6. 1. One notes 

that the recovery time is almost 10 times shorter than the response time in all sensors 

and in all gas environments considered. It is also observed that there is a degree of 

proportionality between response times and recovery times; generally the trend is the 

observation that the longer the recovery time the longer is the response time. 

Also both recovery times and response time have a positive bearing especially on 𝐸𝑎𝑑 

and  respectively. 𝐸𝑎𝑑, being the energy of adsorption, is expected to affect the 

response time whereas the parameter, , being related to desorption when the 

semiconductor becomes hotter than 𝑇𝑜𝑝𝑡, should affect recovery time of the sensor. In 

addition, A, being the response at the optimum temperature is greatly related to 

response time but with a supposedly negative correlation as large responses are 

related to large doses which lead fast responses and hence shorter response time. 
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However the question is; can co-doping of In and Co in ZnO make the ZnO any better 

sensor in terms of selectivity? In order to answer this question, one needs to define 

selectivity, , as the fractional response, gas
i, to a particular ith gas with respect to the 

sum of responses to all gases considered, 



N

i

gas

i

1

 as follows: 
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gasgasgas

gas

i
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321 
     (6. 4) 

An ideal sensor should have a selectivity value of 100% to one particular gas and have 

0% to any other gases. The values of  for all sensors exposed to CO, CH4, NH3 and 

H2 at a gas concentration of 40 ppm at 570 K are listed in the last column of Table 6. 

1. It can be observed that pure ZnO, Co-ZnO and In-Co-ZnO sensors have their 

highest selectivity to CO gas at about 38%. However, In doped ZnO has a remarkable 

48% selectivity to NH3 gas. 

Table 6. 1: List of response and recovery times alongside the fitting parameters of Equation 
6. 2 and 6. 3. 

Sample 
Name 

Gas Response 
time (s) 

Recovery 
time (s) 

alpha A Ead  

Undoped 
ZnO  

CO 273.71130 30.79897 0.0907 3.00 3.101119 37.50000 

 
CH4 271.10180 30.64433 0.0119 1.30 0.428973 16.25000 

 
NH3 263.61980 31.53598 0.0242 1.50 0.743604 18.75000 

 
H2 274.29120 31.52921 0.0479 2.20 1.547929 27.50000 

Co-doped 
ZnO  

CO 265.93980 30.16112 0.0001 4.70 0.004431 38.55619 

 
CH4 266.94590 30.11168 0.0002 2.62 0.004646 21.49303 

 
NH3 276.38020 31.21375 0.0003 4.12 0.010349 33.79820 

 
H2 276.03090 31.33591 0.00002 0.75 0.000696 6.152584 

In-doped 
ZnO 

CO 269.96130 30.21907 0.0002 0.45 0.004881 10.84337 

 
CH4 267.00320 29.91407 0.00004 1.20 0.001153 28.91566 
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NH3 273.77010 30.99893 0.0001 2.00 0.003789 48.19277 

 
H2 274.61980 31.21993 0.000006 0.50 0.000785 12.04819 

In-Co co-
doped 
ZnO 

CO 266.3265 30.02148 0.0009 6.50 0.02722 37.14286 

 
CH4 279.203 29.11708 0.0002 3.13 0.006484 17.85714 

 
NH3 271.6821 31.55317 0.0005 4.75 0.013923 27.14286 

 
H2 273.1314 30.189 0.0002 3.125 0.006383 17.85714 

 

6.2. Conclusion 

Pure ZnO, singly Co and In doped ZnO as well as co-doped In-Co ZnO materials were 

synthesised by the sol-gel process. It has been shown that the grain sizes decrease 

considerably with doping. Co-doping tends to increase homogeneity and mono-

dispersity whereas In tends to lead to coagulation. The co-doping of In and Co in ZnO 

leads to a superposition of the two effects where colloids are observed. Grain sizes 

increase with annealing temperature where lattice parameters decrease and increase 

showing that there is competition between substitutional and interstitial doping. Co-

doped In-Co ZnO shows the highest responses to all stimuli considered here: humidity, 

CO, CH4, NH3 and H2 when compared to pure ZnO, Co-ZnO, In-ZnO. However 

selectivity seems to be better in singly doped materials, notably In-doped ZnO which 

has a remarkable 48% selectivity to NH3 where the rest of the sensors respond more 

to CO at about 38% selectivity. 
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Chapter 7 

Summary 

 

In the present work the undoped, In and Co single doped and the In and Co co-doped 

ZnO nanoparticles were successfully synthesised using the sol-gel method. The XRD 

results showed that all the prepared samples were of the ZnO wurtzite crystal 

structure. The lattice parameters of the undoped and doped ZnO nanoparticles were 

calculated and found to be similar to the reported values of the bulk ZnO. The bond 

length of the synthesised samples were calculated and found to be different for the 

doped ZnO nanoparticles samples indicating the presence of In and Co dopants. The 

average particle sizes were determined and found to decrease with an introduction of 

dopants into the ZnO nanoparticles. It was also observed that the average particle size 

increase with an increase in temperature. The strains of the prepared samples were 

also determined using the XRD results and found to be inversely proportional to the 

average particle size. The TEM images showed that the prepared samples were 

spherically shaped which corroborated the XRD results that the prepared ZnO 

samples were of a wurtzite crystal structure.  The EDS results confirmed that In and 

Co were successfully doped into the ZnO nanoparticle structure. The UV-vis studies 

were also performed to study the optical properties. The energy band gap of all the 

prepared samples were determined and found to be smaller compared to the energy 

band gap of the bulk ZnO. The energy band gaps were found to decrease with an 

introduction of dopants and also found to decrease with an increase of the annealing 

temperature. PL measurements were performed; the UV and the deep level emissions 

were observed for the undoped and the doped ZnO nanoparticles. The PL results were 

found to be consistent with the UV-vis results. The Raman and FTIR studies were 



71 
 
 

performed and confirmed that all the prepared nanoparticle samples were of the ZnO 

wurtzite crystal, this confirmed the XRD results. The gas sensing measurements 

performed for the gases CO, CH4, NH3, H2 and humidity showed that co-doping of In 

and Co into the ZnO nanoparticles increased the gas response of the ZnO 

nanoparticles as compared to the response of the undoped and the singly doped ZnO 

particles, while the selectivity was found to be better in singly doped ZnO nanoparticles 

notably In-doped ZnO which had a remarkable 48% selectivity to NH3 where the rest 

of the sensors responded more to CO at about 38% selectivity. 
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