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Abstract 
p-xylene is a harmful volatile organic compound that needs to be tested for indoor air 

quality detection. We report on the sensing characteristics of CuO and Zn doped CuO 

nanoplatelets of various concentrations that were prepared by hydrothermal synthesis, 

against nine different gases. These CuO and Zn based nanoplatelets were 

characterized by X-ray diffraction, X-ray photoelectron spectroscopy, 

photoluminescence emission and vibrating sample magnetometer measurements. CuO 

and 0.1 at. % Zn doped CuO samples were most sensitive and selective to p-xylene gas 

with relatively high responses (Ra/Rg ratio) of about 42 and 53 at an operating 

temperature of 150 °C, respectively. These responses were about six times higher 

compared to the other 8 tested interfering gases. All these samples further exhibited a 

paramagnetic behavior at room temperature, due to small traces of point defects, such 

as oxygen vacancies. Both these sensor materials did not show green luminescence at 

room temperature that is normally associated with oxygen vacancies. However, 

temperature dependent photoluminescence (PL) measurements for the 0.1 at. % Zn 

doped CuO showed broad visible emission, including green luminescence, which 

increased with temperature up to 150 °C and coincided with the gas sensing 

temperature. The pure CuO, however, showed a rapid quenching in PL emission with 

an increase in the temperature up to 150 °C. Nevertheless, both pure CuO and 0.1 at. 

% Zn doped CuO based sensors were highly sensitive to the p-xylene gas. The 

mechanism associated to the xylene superior sensing was considered in terms of point 

defects and surface area as active sites for adsorption of gas molecules. 

Keywords: CuO, Gas sensor, Thin films and nanostructures, Gas sensing properties. 
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CHAPTER I 

 
 
 

1.1. Introduction  

The World Health Organization (WHO) estimated that over 12 million people had died 

as a result of unhealthy living and working conditions and poor air quality. Since then, 

the WHO has been monitoring the quality of air indoor environments. In 2018, WHO 

held its first global conference in collaboration with the United Nations (UN) 

Environment on indoors and outdoors air quality in Geneva in order to minimize deaths. 

Volatile organic compounds (VOCs) and other gases (e.g. xylene, toluene, benzene, 

ethanol, propanol, ammonia, ethylene, hydrogen, and liquefied petroleum gas) exist in 

our living and working environments and are well known as harmful gases that attack 

the nervous system [1-8].  

The Occupational Safety and Health Administration (OSHA) has recommended a long-

time permissible exposure limit of 100 parts per million (ppm) of xylene [8]. According to 

the Centre for Disease Control and prevention (CDC), a short-time exposure to as low 

as 50 ppm may cause skin and eye irritation, impairment to the respiratory system, 

headache, and dizziness [8]. This therefore suggests the critical importance of xylene 

detection to environmental safety. Semiconducting metal oxides (SMOs) are known to 

be suitable gas sensing materials to detect and monitor indoor environments [1-9]. The 

development of such SMO sensing devices that are suitable for the detection of xylene 
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gas is limited due to the fact that they only operate at higher temperatures that result in 

higher power consumption and poor selectivity and long-term stability.  

There have been many attempts to fabricate gas sensors for xylene detection [1-16]. 

These reports demonstrate mixed combinations of metal oxide and heterojunctions and 

homojunctions of n-p, p-n and p-p types as the basis of functional materials for xylene 

gas sensors including NiO/NiMoO4 [1], W doped NiO [2], 4 at. % Cr:WO3 [3], Co3O4 [4], 

0.3 at. % Au doped WO3 [5], 3 at. % Sn:NiO [6], 1.5 at. % Sn:NiO [7], Cr:NiO [9], Co 

doped ZnO [10], Ni doped ZnO [11], NiCo2O4 decorated on top of WO3 nanofibers [12], 

ZnO [13], α-Fe2O3 [14], 3D flower- and 2D sheet-like CuO nanostructures [15] and WO3 

decorated anatase TiO2 [16]. Most of these sensors for xylene detection contain Ni 

and/or NiO as a main host or dopant, due to its high thermal stability and high level of 

oxygen adsorption. The investigations of xylene performances based on SMOs date 

back about a decade. Little information about copper oxide (CuO) or Zn doped CuO for 

VOC detection has been reported, especially on the xylene gas selectivity sensing 

performance.  

Copper oxide (CuO) is a p-type semiconducting transition metal oxide with a monoclinic 

crystal structure, having a relatively small band gap of 1.2 eV [17, 18]. It is a novel 

material that is easily available, with a low processing costs and is non-toxic in nature. It 

also has excellent thermal stability, good optical and electrical properties. Hence, the 

unique physical, chemical and electrical properties of CuO have many potential 

applications in the fields of photocatalysts [19], batteries [20], gas sensor [15], solar 

cells [21] and biosensors [22].  
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The doping in all these cases is mainly to modify the optical and electrical 

properties of CuO by addition of foreign impurity ions into its lattice. Amongst all 

these transition metal dopants mentioned elsewhere [17, 23], Zn2+ cations have 

been found to be in dopant because of their similar ionic radii, i.e. Zn2+ (0.60 Å) 

and Cu2+ (0.57 Å). Hence, Zn2+ can easily be incorporated into the CuO lattice 

without distorting the crystal structure or significantly altering the grain size [24]. 

There are a variety of reports based on p-xylene gas selectivity and sensitivity, 

which are really based on the sensor surface morphology. High responsiveness  

attributed to the oxygen vacancies and nano-scaling in the SMOs has been 

reported in the literature [1, 4, 10, 11, 25, 26]. Woo et al. [11] reported a 

response of 42.44 at 400 °C from Ni doped ZnO nanowire networks and 19.55 

[10] from nanowire networks of Co-doped ZnO. The highest p-xylene gas 

response (S = 343.5 at 350 °C) was reported from NiO/NiWO4 yolk-shell spheres 

[1]. The rose-like Co3O4 structures recorded as high as 79.8 at 150 °C against 

100 ppm of p-xylene [4]. The porous coral-like NiCo2O4 nano-spheres recorded a 

response of 16.4 at 260 °C and oxygen vacancy dominated CuO@ZnFe2O4 yolk-

shell microspheres recorded 24.1 at 225 °C [25, 26].  

In all these reports, a relatively low p-xylene gas response was recorded and 

these sensors operate at relatively high temperatures above 150 °C. The report 

by Yang et al. [15] on CuO nano-flower and nano-sheet structures for xylene gas 

sensing only demonstrated a low response of 3.5 at a very high concentration of 

500 ppm of xylene and at relatively high operating temperature of 260 °C. 
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Furthermore, it is known to be challenging for SMO sensors to detect benzene, 

xylene and toluene (BXT) selectively.  

1.2. PROBLEM STATEMENT AND NOVELTY 

Industrialization in an economy not only improves the lives of citizens by providing new 

products and new employment opportunities, but also has its own challenges. One of 

the challenges is the production of products that may be harmful to people and also to 

the environment. Some of these are gasses, some of which are harmful to humans, 

animals and plants. Some of the gasses may also be highly explosive and or toxic. In 

some cases, these gasses are harmful even in small quantities (a few parts per million 

(ppm)). 

It is therefore important to look for new materials and sensors with better sensing 

capability. The most promising materials that may be used as gas sensors are 

semiconducting metal oxides. It has been proven that miniaturization of devices leads to 

better performance. It is therefore important, not only that suitable materials are found, 

but also that their suitable nanostructures are found. In finding suitable nanostructures, 

the most economical routes must be found and also the safest in terms a number of 

desirable characteristics such as lower levels of toxicity and also compatibility with other 

materials that make up the device. 

 

1.3. AIM OF THE STUDY 

This work aims to synthesize the doped and undoped Cupric oxide (CuO) using 

hydrothermal methods and study the effect of doping in order to modulate the intrinsic 
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or extrinsic defect type and defect concentration that are beneficial to gas sensing 

properties, with main focus on the volatile organic compound of benzene derivatives i.e. 

ethylbenzene, p-xylene, toluene (BTX).  

1.4. OBJECTIVES OF THE STUDY 

The main objective of the study is to synthesize undoped and Zinc (Zn) and tin (Sn) 

doped CuO using hydrothermal technique and analyse the as synthesized samples 

using various analytical techniques such as Scanning Electron Microscopy (SEM), 

Photoluminescence Spectroscopy, X-Ray Diffraction (XRD), Ultra Violet Visible 

Spectroscopy (UV Vis), Vibrating Sample Magnetometer (VSM) and X-ray 

Photoelectron Spectroscopy (XPS). Gas sensing applications of the as-synthesized 

doped and undoped CuO is then performed using a Kenosistec Gas Testing Station at 

the University of Zululand Physics and Engineering Department.  
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1.5. DISSERTATION OUTLINE  

Chapter I focuses on the background of gas sensing properties of metal oxide based 

sensors. It also deals with global demands and as well as the structural, optical and 

electrical properties of CuO nanostructures.  The problem statement, aims and 

objectives form part of this chapter.  

Chapter II deals with the literature review on CuO based sensors. This includes the 

synthesis method employed to prepare the CuO nanostructures and the incorporation of 

transitional and noble metals in CuO matrix.   

Chapter III is focusing on the characterization techniques employed to analyze the CuO 

metal oxide based sensors.  

Chapter IV is devoted on the results and discussions. 

Chapter V is a summary and conclusion of the dissertation. 
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CHAPTER II 

 

 
2.Applications of CuO Nanostructures 
 
Cupric oxide (CuO) has been considered as the most interesting transition metal oxides 

because of its properties as a p-type semiconductor with a narrow band gap (1.2 eV in 

bulk) and as the foundation of several high-temperature superconductors and giant 

magneto resistance materials [32, 33–38]. CuO nanostructures have a superior 

physical and chemical properties that extraordinarily different from those of their micro 

or bulk structures. CuO nanostructures is considered as electrode materials for the 

next-generation rechargeable lithium-ion batteries (LIBs) due to their high theoretical 

capacity, safety, and environmental friendliness [39].  

They are considered promising candidate for solar cells due to their high solar  
 
absorbance, low thermal emittance, good electrical properties, and high carrier  
 
concentration [40]. CuO nanostructures have been used in numerous applications, such  
 
as gas sensors [41], bio-sensors [42], nanofluid [43], photodetectors [44], energetic 
 
 materials (EMs) [45], field emissions [46], supercapacitors [47], removal of inorganic  
 
pollutants [48, 49], photocatalysis [50], and magnetic storage media [51] and have  
 
been demonstrated to be used to synthesize organic–inorganic nanocomposites with 
 
 high thermal conductivity, high electrical conductivity, high mechanical strength, high- 
 
temperature durability [32, 33, 52, 53]. In this work, we investigate CuO as gas sensor 
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2.1. Brief History on Gas Sensing 

The first development of a gas sensor based on SnO2 and ZnO in 1962 by T. Seiyama 

et al. [1, 2] and N. Taguchi [3], attracted interest toward the development of these small 

dimensional devices materials for gas sensing practical applications.Later, effort to 

introduce small additives such as nobel metals i.e. Pt, Ru, and Pd has been made to 

improve the sensitivity and selectivity of the sensor [4-7].  These semiconducting metal 

oxides should be able to continuously monitor these toxic gases, vapours and odours in 

different environments such as work places, homes and offices.Even though great 

efforts to improve on the gas sensing properties of these sensor materials has been 

made, there are many challenges associated with these sensing properties and 

technologies in real practical situations that are still in existance. Some of these 

challenges are inaccuracies, response time, reliable, low-maintenance and selectivity. 

Due to huge commercial demands to find excellent sensors ,there are several attempts 

to find new less complex materials with excellent sensing properties. 

2.2. Global Demand for Gas sensors 

 
The world has become more sophisticated and complex. Therefore, stringent 

environmental compliance and regulation enforced in different regions along with 

growing awareness about environmental degradation and pollution has led to strong 

growth of the global emission monitoring systems market. Sensors in many of its forms 

have become part of our daily lives. Gas sensors, too, have received demands to the 

industrial processes causing huge damage in pollutions resulting in global climate 

change due to various gas species released to the atmosphere. So, market assessment 
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involves the identification of these good potential sensors for a target gas or gases and 

validate the technical readiness level of the sensor technology. According to a report, 

“Gas Sensors Market – Global Industry Size, Share, Trends, Analysis and Forecast, 

2017-2025,” an estimated value of US$2.32 billion by 2018 is expected for the global 

sensors market, at a compound annual growth rate of 7.5% between these year range, 

2017-2025 [8]. 

Metal oxide semiconductors for gas sensor rely on the chemical sensitivity of their 

surfaces during the interaction with an analyte for gas-sensing applications.These metal 

oxides are either n-type or p-type semiconductors. This means that the majority charge 

carriers in the surface are either electrons or holes. A sensor detects a change in its 

electrical resistance or current due to the presence of a particular gas in the 

atmosphere.  One important aspect in the chemiresistor gas sensor is the potential 

energy barriers between grains contacts. In order for a gas sensor to perform its 

function, there is a receptor and transducer functions. The receptor function 

acknowledges the presence of a chemical substance in the surface of the 

semiconductor and the transducer function transduces the chemical reaction signal 

between the semiconductor’s surface and the chemical substance into an electric output 

signal.   

 

2.3. Bulk Properties of CuO 

In the variety of copper oxides, the cupric oxide (CuO) phase is well known as a gas-

sensitive material. The CuO is a p-type semiconductor with low electrical resistance 
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values in air however high electrical resistance in vacuum. It belongs to the d-block with 

3d9 electronic configuration and assumes an anti-ferromagnetic ordering in the ground 

state with a bandgap of about 1.2 eV [9]. It is noteworthy to mention that this optical 

bandgap is identified as originating from charge-transfer as oppose to being d→d 

transitions, its electrical conductivity decreases when exposed to the reducing 

environment or gaseous containing environment. 

As a sensing element, the material sensitivity changes drastically depending on 

temperature and dopants. In its pure form It is highly sensitive to VOCs and BTEX  

gases at elevated temperatures but becomes less sensitive upon the incorporation 

small dopant of Zn at atomic level percentages. However, at higher atomic percentages 

its sensitivity is so insignificant. The Sn-doping completely diminishes the sensitivity and 

become insensitive to these gases. The situation is different for conventional gases like 

NO2, NO, CO2, CO, even at room temperatures. 

2.4. Physical and Chemical properties of Copper Oxide (CuO) 

Cupric oxide (CuO) is a brownish-black powder which is chemically and thermodynamic 

compound with band gap of 1.2 eV in its bulk form. CuO is antiferromagnetic material at 

213 K and paramagnetic at 230 K. Cupric oxide (CuO) crystal has monoclinic structure 

as shown in Figure 2.1 which belong to symmetry group with four formula units per 

unit cell. It has 4 coordination number of copper atom, which is linked to four oxygen 

neighbour atoms in a square planar configuration along (110) plane. Crystallized 

divalent copper surroundings are very distorted by a strong Jahn-Teller effect which 

leads to a more stable square planar groups. The Cu-O bond lengths in this plane are 

1.88 and 1.96 Å, respectively, which are larger than those in the cuprous oxide [10]. 
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The contributors to the formation of CuO crystal structure are Cu2+ and O2- and the unit 

cell lattice parameters of cupric oxide [11] are presented in Table 1 below. 

 

Table 2.1.Crystallographic properties of CuO and some physics constants of CuO [10-
12] 

 

 

 

SPACE GROUP 

 

C2/c (No. 15) 

Unit cell a = 4.68.37 A 

b = 3.4226 A 

c = 5.1288 A 

β = 99.540 

a = y = 900 

Cell volume 81.08 A3 

Cell content 4CuO 

Formula weight 79.57 

Density  6.515 g cm-3 

Distances 

Cu-O 

O-O 

Cu-Cu 

 

1.96 A 

2.62 A 

2.90 A 
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Melting point 12010C 

 

 

Figure 2.1. Crystal structure of CuO [12] 

 

CuO is also being considered as a good candidate material to be used in nanofluid 

which are introduced being used in many applications these days such as electronic, 

nuclear reactor, biomedical, automotive, and industrial cooling due to its thermal 

conductivity properties [13].  
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CHAPTER III 

 
 
3.1. Synthesis of CuO Nanostructures 

A brief overview of several synthetic methods for the engineering manufacturing of the 

nanostructured cuprous oxide materials is discussed. This section is meant to provide a 

good reason for the selection of our synthetic methodology for our copper oxide 

nanostructures. In nanotechnology, large scale manufacturing of nanostructures still 

remains a challenge. The synthesis methods differ in the degree of complexity, cost, 

manufacturability, and environmental hazard [54].   

The manipulation of well-controlled synthesis and engineering of nanostructured 

transition metal oxides with different sizes, shapes, chemical compositions, and 

structures is very crucial in the advancement of nanoscience and nanotechnology field. 

There are enormous physical and chemical synthetic methods or techniques that are 

widely accepted by material researchers for the fundamental investigation for realizing 

possible applications of nanoscale materials. Wet chemistry or solution-based method is 

a scalable method that is used to synthesize nanostructures of CuO with different 

morphologies, sizes and shapes.  

The synthesis methods used to synthesize undoped and doped CuO nanoparticles and 

nanostructures are sol-gel, spray pyrolysis, precipitation, solvothermal, aqueous 

chemical growth, hydrothermal, and electrochemical methods [55–60] and microwave 
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irradiation approach [61–63] with diverse morphologies, sizes, and dimensions using 

various chemical, physical, or chemistry physics combined strategies. These synthesis 

methods allow for the control of different parameters such as shape, particle size, size 

distribution, and composition. In this work we focus only on the solution based method 

(hydrothermal synthesis method) to synthesis copper (II)-oxide (Cu=O) nanostructures 

with different morphologies, sizes, shapes.  

The possibility to use low cost and high-throughput equipment, low wastage of raw 

materials, high uniformity of size and shape of the nanoproduct and can easily be 

tailored. Doping can also be easily achieved with this synthesis method. 

 

 
3.2 Characterization Techniques  
 
After the target material has been deposited onto the substrate where the thin film is 

formed, the properties of the thin film (crystallinity, morphology, composition, surface 

roughness and thickness) are investigated. In this study the characterization techniques 

like X-ray diffraction, scanning electron microscopy, energy dispersive spectroscopy, 

atomic force microscopy and Rutherford backscattering spectroscopy were utilized to 

investigate the properties of the deposited thin films. 

 

3.3X-Ray Diffraction (XRD) 
 
The photograph of the X-Ray Diffraction (XRD) unit presented in Figure 3.1 is a non-

destructive analytical technique which can give the information about the 

crystallographic structure and chemical composition of materials and thin films. This 
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technique is based on monitoring the scattered intensity of an x-ray beam hitting a 

sample as a function of incident and scattered angle, polarization, and wavelength or 

energy [1-3]. In crystalline structures the atoms are arranged in a periodic lattice with 

planar (d-spacing). Constructive interference of x-rays occurs when the Bragg [4] 

condition is satisfied following eqn (3.1); 

 

             (3.1) 

 

where n is an integer (normally set as n = 1), θ is the angle of incidence and d is the 

spacing between the diffracted planes. Therefore, by scanning a range of angle of 

incidence, the characteristic d-spacing of the crystal can be identified [5]. The x-ray 

diffraction pattern of the synthesized material is qualitatively compared with a reference 

database to identify the crystallographic phase. Reference patterns are generated from 

powder samples, where all possible crystallographic orientations are present. Further 

analysis of XRD patterns gives much information about the structure of the sample, 

including the crystal size, amorphous component and degree of stress in the lattice.  

 

X-Ray Diffraction was carried out using a Bruker AXS D8 Advance X-ray diffractometer 

with primary monochromatic high intensity Cu Kα (λ=1.541 Å) radiation with a PSD 

(position sensitive detector) detector at the scan step of 0.0070 and scan speed of 1 

step/s. The Scherer equation shown below can be used to calculate the crystallite size, 

D, along a given plane as demonstrated by eqn (3.2); 
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(3.2) 

 

 

where λ is the x-ray wavelength (in nm), K is a constant (usually assumed to be close to 

1 or 0.89), B is the full-width-half-maximum (FWHM) value of the diffraction signal (in 

radians), and  the angle at which the peak of the signal occurs. 

        (a)                                                                      (b) 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 1. Bruker’s X-ray diffraction D8-Discover instrument and (b) Interaction of 

incident X-ray beam with the crystalline sample [6]. 

 

3.4 Scanning Electron Microscope (SEM) 

The scanning electron microscope reveals information about the morphology, chemical 

composition, of the samples by scanning the surface with energetic beam of electrons. 

SEM is equipped, with Energy Dispersive Spectroscopy (EDS) [7] is used to identify 

and quantify elements present on a sample. It can also give the information about the 
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thickness of the sample. Figure 3.2a shows the SEM of the University of Zululand in the 

Physics and Engineering Department that was used in this investigation. The main 

components of SEM, as shown in Figure 3.2b) are the electron source (electron gun), 

microscope column, magnetic lenses, scanning coils, electron detectors, sample 

chamber, computer and display screen to view the images [8]. The transmission 

electron microscope (TEM), in Figure 3.3, provides the information about the structure 

shape and size of the samples. 

(a)                                                                   (b) 

   

Figure 3. 2. (a) SEM of the University of Zululand in the Physics and Engineering 

Department. (b) Schematic illustration of the basic components of the SEM [9]. 
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Figure 3. 3. The Schematic representation of the interaction of the incident beam and 

radiation signals generated during interaction [10]. 

 

In addition to SEM equipped with EDS and XRD analysis techniques, X-ray 

photoelectron spectroscopy (XPS) which is a nondestructive quantitative technique is 

used to measure the elemental composition and to determine the binding states of the 

elements in the compound found in the sample.  

 

3.5 Ultraviolet Visible Spectroscopy (UV VIS) on CuO  
 
In nanomaterials, there are several methods to be used to characterize the optical 

properties and to estimate the bandgap of a synthesized material. The quick and most 

convenient techniques which is non-destructive to investigate the energy structure and 

the optical properties of a semiconducting materials is UV-vis absorption spectroscopy. 

In this optical characterization technique  the photons with energies equal or greater 
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than the band gap of the material get absorbed and excite electrons from the high 

occupied molecular orbital (HOMO) to the low unoccupied molecular orbital (LUMO).  

Photons with lower energies get transmitted therefore they do not excite electrons in the 

material. The optical bandgap of semiconductor material is estimated and calculated 

from the absorption spectra by using Tauc’s relation [16] 

                     (3.3) 

 

           (3.4) 

 

           (3.5) 

Where x, λ, and c are the absobance values, wavelength and the speed of light in 

vacuum, respectively. E or ℎ𝜐𝜐 is the energy of incident photon and n is the exponent 

factor that determines the type of electronic transition causing the absorption and can 

take the values ½ and 2 ; depending whether transition is direct or indirect, respectively. 

Bandgap is determined from the intercept of the tangent straight line with the horizontal 

axis.Some groups have reported significant blue shift values of the band gap (up to 1.7 

eV) [17] in the absorption edge compared with the bandgap of bulk CuO material, which 

was explained by the quantum confinement effect in these nanostructures. Figure 3.4 is 

the schematic diagram of the UV Vis spectroscopy. 
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Figure 3. 4. The Schematic diagram of UV VIS spectroscopy [ref] 
 

3.6Photoluminescence Spectroscopy (PL) 
 
Photoluminescence spectroscopy (shown in Figure 3.5) is a nondestructive technique 

that is used to investigate optical properties of semiconductor materials. It uses a photo-

excitation process whereby photons, stimulate the emission of a photon from any 

matter.  Basically, light is directed onto a sample, where it is absorbed resulting in 

photo-excitation process. This process stimulates the atoms of the material to be 

excited, and will then release , (photons) as it relaxes and returns to back to a de-
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excited state. It reveals information about the bandgap of the material, impurity level 

and defect on the material, electronenergy- hole recombination and also molecular 

structure and crystallinity of the material being investigated.  

There are several photoluminescence bands generally reported for CuO nanostructures 

which expand from UV to near IR region; however, the most frequent peaks fall in the 

region from 400 to 600 nm. Generally, the deep level emission in CuO consists of a 

green emission at around 605 nm and a near-yellow emission at around 680 nm. CuO 

is intrinsically a p type semiconductor due to the existence of Cu vacancies. Theoretical 

calculations have proven that although Cu vacancies are the most stable defects in 

CuO, they do not make any changes in the electronic structures of CuO. OCu antisite 

defects were reported to be responsible for these emissions and the formation energy 

was reported to be almost similar to the formation energy of Cu vacancies [18]. The 

green emission is assigned to the singly ionized oxygen vacancies while the yellow or 

red emission has been related to the interstitial metal ion in the oxide. The evolution of 

green and yellow bands in CuO was competitive with each other. The blue shift of the 

near band edge transition was attributed to the enhancement of the quantum 

confinement effect resulting from the decrease in the dimensional structure and the size 

of the nanoparticles.  

Vila et al. [19] reported the luminescence bands cantered around 1.33, 1.23, and 1.11 

eV in CuO nanomaterial and suggested that the emission with highest energy 

corresponds to near band edge transition in CuO while the two emissions were most 

probably introduced by oxygen vacancies and oxygen on copper antisite defects [18-

21]. Santra et al. [12] reported the near band edge emission at 395nm in the violet 
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region while Aslani et al. [22] reported near band edge emission at 300 nm. 

Mageshwari and Sathvamoorthy [23] reported several photoluminescence peaks at 

325, 339, and 356 nm and explained the difference photoluminescence emission peaks 

of CuO as agreed with earlier reports by various sizes and shapes of CuO 

nanostructures. These studies indicated that the luminescence properties of CuO were 

strongly dependent on the morphology of the nanocrystals. Gizhevsk et al. [24] reported 

the photoluminescence board emission bands centred around 305 nm (4.07 eV), 505nm 

(2.46 eV), and 606 nm (2.05 eV) [22, 25-28] and indicated that these bands were due to 

the temperatures and annealing time during sample of CuO nanocrystals.  

PL intensities of the 305 nm (4.07 eV) band were seen to increase with the 

increasing temperature treatment and were explained by the enhancement of the 

crystallinity of the sample. 
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Figure 3. 5. The Diagram of a Photoluminescence spectroscopy and the example of the 

signal obtained from it on the sample. 

 

3.7Vibrating Sample Magnetometer (VSM) Spectroscopy 
 
The Magnetic Properties aspects of CuO nanomaterials have been investigated over 

the years and showed interesting and unique magnetic properties. Kimura et al. [29] 

reported that CuO, which is different from other antiferromagnetic transition metal 

monoxides such as NiO, MnO, and CoO, shows magnetic order above Neel 

temperature. V. Bisht et al [30] reported that the magnetic properties of CuO is 

temperature dependant and have shown two Neel temperature with two 

antiferromagnetic transition at 213 K and 230 K, where the 213 K transition was related 
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to commensurate to incommensurate transition, while the one at 230K was attributed to 

incommensurate to paramagnetic transition.  

In this work we employ VSM (shown in Figure 3.6 below) which is a very sensitive 

technique used to measure the magnetic moment of a sample when it is vibrating 

perpendicularly to a uniform magnetizing field. It uses the principle of Faraday's law of 

magnetic induction. In this technique the sample is placed under a uniform magnetic 

field H, which induces a magnetization M in the sample. The hysteresis loop shows the 

“history dependent” nature of magnetization of a ferromagnetic material. Once the 

material has been driven to saturation, the magnetizing field can then be dropped to 

zero and the material will retain most of its magnetization as can be seen on the Figure 

3.6c) below. 
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Figure 3. 6. The Schematic diagram of: (a) part of the VSM setup and (b) types of 

sample holder used in VSM. (c) Typical magnetization curve which can be obtained 

using VSM showing the out-of-plane magnetic moment versus applied magnetic field for 

[Co(0.5 nm)/Pd(3 nm)]10 film deposited using sputter deposition [31]. 

3.8Sample preparation Synthesis procedure 

 
The chemicals were purchased from Sigma-Aldrich and used as received with a high 

purity, >98%. Pure ZnO and CuO and as well as Zn doped CuO nanoplatelets were 

synthesized using the hydrothermal method. About 0.2 M of Cu(NO3)2·xH2O [Copper(II) 

Nitrate Hydrate from Sigma-Aldrich, reagent grade >98% purity] was used to synthesize 

pure CuO samples while the cupric oxide decorated with Zn samples (0.1, 0.25, 0.5, 

1.0, and 2.0 at. %) were synthesized using appropriate quantities of both 

Cu(NO3)2·xH2O and Zn(NO2)3·6H2O (Zinc nitrate hexahydrate) precursors in a volume 
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of 125 mL. During the sample preparation, the pH was adjusted to 10.5 to initiate and 

allow CuO metal oxide nucleation by adding 1.0 M sodium hydroxide (NaOH) drop wise 

under vigorous stirring at room temperature. The literature suggests that the pH 

adjustment creates different size, shape and morphology. Therefore, the pH 10.5 was 

reported to be the favorable one for the nucleation of ZnO nanoplatelets [1]. After 

controlling pH, the solution was then kept under vigorous stirring for aging of 2 h. 

Subsequently, the volume of 125 mL was transferred to a 200 mL stainless steel 

autoclave reactor vessel (Anton Parr) and placed in a laboratory oven at 150 °C for 12 

h. The black solid precipitates at the bottom of the container were collected. The 

removal of the residual salts was done by several rinse-centrifugation cycles using 

distilled water and ethanol. The products were dried overnight at 90 °C. To ensure that 

we achieve the correct phase, the samples were annealed in air at 200 °C for 2 h. 

 
3.9.1Hydrothermal Synthesis Method 

Hydrothermal synthesis is a solution reaction-based method which is commonly used  

for synthesis of nanomaterials. This synthesis approach allows the formation of well 

controlled morphology, size and shapes of nanomaterials from room temperature to 

very high temperatures. The literature suggests that many types of nanomaterials with 

different shapes and sizes have been successfully synthesized using this synthesis 

approach. There are significant advantages of hydrothermal synthesis method over 

others such as the generation of unstable nanomaterial at elevated temperatures and 

can enable the production of nanomaterials at high vapor pressures with minimum loss 

of materials. The compositions of nanomaterials to be synthesized can be well 

controlled in hydrothermal synthesis through liquid phase or multiphase chemical 
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reactions. Hydrothermal synthesis of nanoparticles allows the production of several 

shapes and sizes of nanoscale particles such as nanorods, nanotubes, hollow 

nanospheres, and graphene nanosheets.  

This research method allowed Cao et al. [64] to synthesize Cu, Cu2O, and CuO 

nanotubes as well as nanorods. Cheng et al. [65] managed to use hydrothermal method 

to synthesized CuO nanorods in a large scale using the same method and proved that 

the concentration of surfactant critically influences the morphology of CuO nanorods 

while Gao et al. [66] reported that the crystalline structures and morphology of CuO 

nanorods depend on the temperature. The same method allowed Dar et al. [67] to 

synthesize CuO nanoneedles. This method   have the advantage to tailor the synthesize 

nanostructures. Figure 3.7 illustrates the schematic diagram of a typical hydrothermal 

synthesis for CuO nanostructures. 

 

Figure 3. 7. The Schematic diagram of a typical hydrothermal synthesis for CuO 

nanostructures [68]. 
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3.11Gas Sensing Mechanism Semiconducting Metal Oxides 
 
The metal oxide gas sensor works on the principle of chemiresistance which is the 

change in electrical conductivity or resistivity of semiconducting metal oxide on 

exposure to a target gas. Basically, the gas molecules interact with the metal oxide 

either act as a donor or acceptor of charge carriers which then changes the resistivity of 

the metal oxide as shown in Figure 3.8. The increase or decrease of resistance of the 

metal oxide thin film depends on the type of majority carriers in the semiconducting 

metal oxide and the nature of gas molecules in an ambient atmosphere. The gas either 

be oxidizing or reducing. In n-type materials, oxidizing gases increase the resistance of 

semiconducting metal oxide while reducing gases decrease and are correspondingly 

opposite for p-type materials [69]. This describes the behavior of the metal oxide gas 

sensor. The metal oxide sensors in nanoscale plays a significant role in the 

development of gas sensors [70].  

 

The chemiresistance property of the metal oxides can be related to the width of the 

space charge region formed on the crystallites due to the transfer of electrons during 

the adsorption and desorption of gas molecules. The width of the space charge region 

acts as a potential barrier in the conduction process between the grains and 

encourages changes in the Fermi level positioning. The process of creation and 

annihilation of electrons form the conduction band results in band bending and Fermi 

level modulation. The oxidizing gas when interacted with n-type material, the band 

bends upward due to the depletion of electrons. When the reducing gas interact with the 
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p-type material the band bends downward due to the accumulation of electrons. 

Therefore, one can conclude by saying the direct relation between space charge region 

and band bending depends on the carrier concentrations in the grain. Since the gas 

sensing is based on the change of resistance/current of the metal oxide material upon 

exposure to a certain gas or gases.  

The adsorption, oxidation and desorption process is generally connected to the oxygen 

species (O2-, O-, and O2-) that get adsorbed on the surface of a semiconducting metal 

oxide [71-77]. During these reactions, the surface of a p-type semiconducting transition 

metal oxide such as CuO adsorbs these oxygen molecules that are ionized by 

conduction band electrons to form a hole carrier species layer. The mobility carriers in 

CuO-based sensors are mostly holes, which lead to a decrease in the resistance of the 

sensor. This process is opposite to some n-type semiconductors such as WO3 for the 

same reducing gas [78, 79].  

 

The adsorption-oxidation-desorption reactions can be described using the following 

equations depending on the operating temperature: 

 

( ) ( )adsgas OO 22 ↔           (3.6) 

( ) ( )
−− →+ adsads OeO 22  [T < 100°C]         (3.7) 

( ) ( )
−−− →+ adsads OeO 222 [100°C < T < 300°C]       (3.8) 

( ) ( )
−−− →+ 2

adsads OeO [T > 300°C]         (3.9) 
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The target gas molecules react with the ionic oxygen species chemisorbed on the 

surface of the p-type such as CuO, leading to narrow channel and high resistance 

states. Therefore, the sensing function mostly depends on the resistance change due to 

interactions of these chemisorbed oxygen species with the target gas, resulting in the 

release of electrons back into the conduction band of the sensor. An enhanced sensing 

performance is a result of an efficient process to adsorb and ionize these oxygen 

molecules. Crystallite size and surface area are reported to be responsible for 

enhanced sensing performance of metal oxide gas sensors [73, 80].  

 

Figure 3. 8. The Schematic of metal oxide thin film gas sensor [ref]. 

 
The sensitivity for the n-type semiconductor is calculated as follows: 

 

gas

air

R
R

S =
                  (3.10) 
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This equation is for an n-type semiconductor, while the one for the p-type 

semiconductor is calculated using the formula: 

   air

gas

R
R

S =
 

The percentage is calculated as; 

  

100(%) ×






 −
=

air

gasair

R
RR

S , for n-type semiconductor 

 

Rair is the resistance of the gas sensor before passing the gas and Rgas is that after 

passing the gas and reaching the saturation value [81]. It is well known that the 

fundamental sensing mechanism of semiconductor based gas sensors relies on a 

change in electrical conductivity due to the interaction between the surface complexes 

such as O−, O2−, reactive chemical species (OH−), and gas molecules to be detected. 
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CHAPTER IV 

 

 

4.1. Characterization of the as-synthesized CuO samples. 

 

After the samples have been successfully synthesized, they were then subjected to 

various characterization techniques detailed in chapter 3. The phase structures of these 

powders were characterised by X-ray diffraction (XRD) using a Bruker Advance D8 

instrument, with a scan rate of 0.3° per minute. Images of the surface morphology and 

particle size of the powders were captured using a scanning electron microscope (SEM, 

Carl ZEISS Sigma VP-03-67). High-resolution transmission electron microscope (HR-

TEM) images were recorded using a JEOL 1400 system. The PL spectra of the samples 

were excited at room temperature with a continuous He-Cd laser, using a wavelength of 

325 nm (3.82 eV) chopped at 120 Hz and collected using a Horiba iHR320 

spectrometer with entrance and exit slits set to 250 µm and a photomultiplier tube 

detector (R9943-02) operating at 1300 V, linked to a lock-in amplifier. An PHI 5400 

Versaprobe x-ray photoelectron spectroscopy (XPS) system was used to examine the 

oxidation state of the samples with a monochromatic Al Kα (1486.7 eV) X-rays at a 

pressure of less than 10-8 mbar. N2 adsorption-desorption isotherms and Brunauer-

Emmett-Teller (BET) surface area studies were performed using a Micromeritics 

TRISTAR 3020 surface area analyser. 
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4.2. Structural and morphological properties of of Zn doped CuO and undoped 
CuO nanostructure 

 
Figure 4.1a illustrates XRD patterns of pure CuO and Zn doped CuO (0.1, 0.25, 0.50, 

1.0 and 2.0 at. %) nanoplatelets. The diffraction peaks coincide well with the standard 

data of pure CuO (JCPDs file no.: 41-0254/0706). This high quality crystalline CuO has 

a monoclinic structure with space group C2/c. Broadening of the diffraction peaks can 

be ascribed to the nano-sizing of the crystals. The shifting of the two peaks for the -111 

and 111 planes to higher and back to lower angles (see figure 4.1.b) suggest a 

structural deformation, due to the addition of Zn2+ into the CuO matrix. By increasing the 

Zn2+ (i.e. 0.25 and 0.50 at. %) in the CuO matrix, the formation of a secondary phase 

prominent at 2θ = 26° and 37° was observed. This phase could be attributed to 

Cu(OH)2. Figure 1c and d demonstrate the crystallite sizes and lattice strains calculated 

using the William-Hall (W-H) method [2]. The crystallite size decreased drastically when 

the Zn concentration exceeds 0.5 at. %, while the lattice strain increased. 

Figure 4.2 depicts the morphologies of the CuO and Zn doped CuO nanostructures. 

Figure 2a displays the pure CuO exhibiting nanostructures.Upon doping with 0.1 at. % 

Zn, the diameter of the nanoplatelets reduced, while their surface became smoother 

(see Figure 4.2b). A slight increased the diameter of the nanoplatelets is observed 

when the doping concentration increases from 0.25 at. % to 2.0 at. % see Figure 4.2c-f. 

Such an increase, more especially at 2.0 at. %, is probably due to a change of 

morphology with bigger diameters.  
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Figure 4. 1. X-ray diffraction patterns of CuO and Zn doped CuO nanoplatelets. a) wide 

scan and b) narrow scan showing the prominent -111 and 111 peak reflections, c) effect 

of Zn doping on the crystallite size and d) lattice strain. 

 

Elemental mapping for CuO and 0.1 at. % Zn doped CuO (Figure S3 of the 

Supplementary Information file in Appendix A (SI)) showed a homogenous distribution 

of all the elements. High resolution-transmission electron microscopy (HR-TEM) and 

selected area electron diffraction (SAED) patterns were used to investigate the internal 

structural information and crystalline behaviour of the Zn doped CuO nanoplatelets and 

are given in Figure 4.3 which shows that they are polycrystalline in nature. Figure 4.3a 
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exhibits CuO lattice fringes with a d-spacing of 0.30 nm and 0.25 nm corresponding to 

the (110) and (111) planes, respectively. The inset of Figure 4.3a shows the SAED 

pattern of the CuO confirming its polycrystalline behaviour.  

4.3. Gas sensing properties of Zn doped CuO and undoped CuO nanoplatelets 
based sensors 

 
Gas sensing properties of pure and Zn doped CuO nanoplatelets were examined at 

different operating temperatures ranging from room temperature (25 °C) up to a 

maximum of 150°C to avoid any permanent structural change. These samples had been 

annealed at 200°C during synthesis. The sensors were exposed to toluene, xylene, 

benzene, ethanol, propanol, ethylene, ammonia, hydrogen and liquefied petroleum gas 

(LPG). Superior selectivity is one of the critical necessities as gas sensors as to elude 

interference from the other gases during sensing. To investigate the selectivity of 

various Zn doped CuO nanoplatelets, the sensing layers were exposed to various gases 

at 100 ppm and at an optimal operating temperature of 150 °C, at a bias voltage of 2 V. 
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Figure 4. 2. The Scanning electron microscopy images of a) pure CuO, and Zn doped 

CuO b) 0.1 at. %, c) 0.25 at. %, d) 0.50 at. %, e) 1.0 at. %, f) 2.0 at. %. 
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Figure 4. 3. The Typical HRTEM images of the (a) pure CuO, (b) 0.1 at. % Zn, (c) 0.25 

at. % Zn and (d) 0.50 at. % Zn nanoplatelets 

 

Figure 4.4a presents the selectivity histogram. Based on the attained findings, the two 

sensing materials, pure CuO and 0.1at. % Zn doped CuO, showed a drastic increase in 
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gas response at 100 ppm xylene in comparison to other gases. The maximum response 

of these two sensors was 42.71 and 53.10, respectively, which is about 6 times higher 

than other interfering gases. The higher selectivity of the two sensors towards xylene is 

probably due to the dissociation energy for xylene, which is much lower (281 kJ/mol) 

compared to the other interference gases. Furthermore, xylene generally possesses 

enhanced active chemical properties, in comparison to benzene and toluene, due to an 

extra methyl group in the benzene ring [3]. A radar plot to represent each gas (with the 

exception of LPG since a minimum concentration used was 1000 ppm) for both pure 

CuO and 0.1at. % Zn:CuO is shown in Figure 4.4b. The shaded-area represents the 

gas response and it is clear that xylene exhibited the highest response for both these 

sensors at 150 °C, followed by ethanol. When looking at the areas of both sensors, the 

pure CuO area is greater than that of the 0.1 at. % Zn:CuO. A sensor with greater area-

spread in the radar plot is unfavourable on the selectivity, so the 0.1 at. % Zn:CuO 

based-sensor was more selective compared to the pure CuO sensor. 

 The other important factor is the ability of a sensor to respond to a target gas (xylene) 

in the presence of other interfering gases. That factor, call it β, can be calculated using 

the response ratios between the target gas and interfering gases. A higher β would 

mean a sensor has a great selectivity to discriminate the target gases.  Comparing β for 

the target gas (xylene) to ethanol and liquefied petroleum gas (LPG), it is evident that 

the sensor (0.1 at. % Zn:CuO) exhibited higher response than ethanol, βX/Eth = 6.72. 

Similarly, the pure CuO exhibited higher response than LPG, βX/LPG = 3.97. Ethanol has 

the higher response in the interfering gases than any of the other gases.  
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The working temperature, doping and the gas concentration significantly influence the 

sensing. To explore the optimal working temperature and ideal dopant concentration the 

responses of various doped Zn:CuO samples were tested for different operating 

temperatures at 100 ppm xylene vapour. As indicated in Figure 4c, the response of the 

sensors increased with increasing the operating temperature. More specifically, the pure 

CuO and 0.1 at. % Zn:CuO showed a significant increase of gas responses between 

100 and 150 °C of 42.71 and 53.10, respectively. The pure CuO also showed an 

improved response, although slightly less than that of 0.1 at. % Zn.  Figure 4.4d shows 

the dynamic response curves of the gas sensor to xylene with different gas 

concentrations at 150°C. The sensor’s resistance increased slowly with the xylene gas 

injection and also recovered slowly from xylene to air. The sensor’s resistance almost 

tripled to 8.0 × 103 kΩ for 100 ppm xylene gas. It is worth mentioning that the response 

values for both pure CuO and 0.1 at. % Zn:CuO were much higher than their 

counterpart samples over the interfering gases and xylene concentration range. There 

is one challenging behaviour for the xylene sensing response observed in Figure 4.4e. 

Most sensors turn to follow a linear relationship between response and gas 

concentration. This relationship is often fitted with a linear fit regression to extract 

sensor parameters such as slope and detection limit. In the current case the sensor’s 

response to xylene seems to present regional linear fits to various concentrations of 

xylene, the sub-ppm region, intermediate ppm region and high ppm region. 
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Figure 4. 4. (a) Selectivity histogram of nine different gases at 100 ppm concentrations 

at 150 °C and responses. (b) Radar plot of the different gases and their respective 

responses at 150 °C. (c) p-Xylene gas at 100 ppm at different operating temperatures. 

 

This type of behaviour is also evident in other reports, but not mentioned and discussed 

[4-7]. Arguable, one can fit a Boltzmann function, in the equation below to this data, 

where A1, A0, x, x0, Δx are the sensor’s constants.  
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The constant parameter Δx would represent a slope in this case, for both regions, low 

and high. Although the 5 ppm of p-xylene vapour was the lowest concentration 

conducted experimentally in the current study, the theoretical detection limits (signal to-

noise ratio >3) derived from this formula  [7, 8] were estimated 

to be 0,21 and 0,11 ppm for pure CuO and 0.1 at. % Zn doped CuO, respectively. Note, 

the RMS noise is the root-mean-square-deviation extracted from the sensor’s response 

before any gas analyte was injected. This ppb level (i.e. 110 ppb) detection limit for 0.1 

at. % Zn doped CuO validates its potential use in high performance VOC sensors. 

Figure 4.4f shows the response and recovery times of 141 s and 201 s for the undoped 

and doped samples, respectively, for 100 ppm xylene. Since the applied bias voltage 

directly influences the sensing properties, we carried out the sensing response at three 

different bias voltages, i.e. 0.1, 1 and 2 V.  

The sensing characteristics of the optimized 0.1 at. % Zn:CuO sensor investigated at 

different applied bias voltages as shown Figure 4.5. Figure 4.5a displays the sensor 

resistance in air (Ra) and response plots versus the applied voltage of the optimized 0.1 

at. % Zn: CuO sensor to 100 ppm xylene at an applied bias of 0.1–2 V. It is clear that at 

low voltage bias the sensor shows a small Ra value of 528 × 102  kΩ, while increasing 

the voltage to 0.5 V the maximum Ra value of 626 × 102  kΩ is observed, which 

decreased to 570 × 102 kΩ at 2 V. The response increased with an increase in applied 

bias, showing a maximum response of 53 at 2 V. Such an increase in response with the 
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applied bias could be due to the decreased conduction electrons. Kim et al. [9] 

observed similar behaviour where the response of both Pt- and Pd functionalized ZnO 

nanowire based sensors increased with applied voltage. 

 

Figure 4. 5. (a) Response and resistance curves of the 0.1 at. % Zn doped CuO to 

pulse of 100 ppm xylene and in air as function of applied voltage of 0.1 V, 1 V and 2 V. 

(b) Stability test measurement to pulses of 100 ppm xylene over many days. 

 

The Long-term stability is also an important parameter for practical application in gas 

sensing. To test this the best performing sensors (i.e. pure CuO and 0.1 at. % Zn doped 

CuO) were stored under ambient conditions for 9 months and afterwards further 

exposed to 100 ppm xylene at 150 °C under the applied voltage of 2 V. As shown in 

Figure 4.5b, though the response of the 0.1 at. % Zn doped CuO reduced by 60% after 

5 days, nonetheless, 270 days later the response remained stable in comparison to that 

of 5 days, showing an acceptable drift of 20%. Thus, we can conclude that the 0.1 at. % 

Zn doped CuO has a potential to demonstrate better gas sensing characteristics 
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towards xylene considering its rapid response−recovery times, good response, low 

detection limit, admirable selectivity, and possible operative stability. This sensor 

demonstrated reliable responses on humidity and reproducibility measurements as 

shown in the Appendix A in the ESI file (see Figure S1b).    

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 6.  Graphical gas sensing mapping characteristics and comparison of different 

sensing materials to p-xylene vapors on various literature results and at the present 

study. Note: Numbers highlighted in blue and hashtag refer to references. All these 

references are archived in the ESI file and some are used within the thesis referenced 

accordingly. 
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Figure 4.6 shows a comparison plot of all the sensors’ responses in the open literature 

for xylene gas sensing at different concentrations and operating temperatures. The 

numbers highlighted in blue and hashtag refer to the references used and are all 

archived in the ESI file (Appendix A). Some are used within the article and referenced 

accordingly. Both sensors (CuO and 0.1 at. % Zn:CuO) showed responses a little above 

42 and 53 at a 150 °C operating temperature against 100 ppm of xylene, respectively. 

From the literature survey, there is only one report of xylene gas at 150 °C operating 

temperature depicting low response of about 10.  

This literature survey mapping in Figure 4.6 contains only three reports at this operating 

temperature and the target gas concentration including this current work. There is a 

high xylene response reported at 160 °C of over 1000; however, the concentration was 

205 ppm. It is noteworthy to mention that we are not aware of other reports on pure 

CuO and Zn doped CuO for xylene gas sensing. Zhang et al. [4] reported on xylene 

sensing using ZnFe2O4 yolk-shell ferrites at an operating temperature of 225 °C. Their 

response was only limited to 24 with the incorporation of CuO as a catalyst for the 

oxidation of xylene due to the increase of the absorbed oxygen vacancies. Many of 

these reports in Figure 6a demonstrated high response at high operating temperatures. 

The surface morphology and nano-scaling seem to be the main contributors to high 

performance towards p-xylene gas. Similar nano-platelet morphology for all the samples 

containing small traces of oxygen vacancies is exhibited with highly sensitivity and 

selectivity at relatively low Zn doping concentration and operating temperature.  
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4.4. Gas sensing mechanism of Zn doped CuO and undoped CuO nanostructures 

 
The gas sensing phenomenon is discussed in detail in chapter 3. The crystallite size for 

CuO and 0.1 at. % Zn doped CuO were calculated to be about 18 nm for both sensors. 

As the Zn doping increased, the crystallite size reduced to about 12 nm and sensing 

performance drastically dropped. This is contrary to the sensing theory proposed 

elsewhere that reducing the particle size give rise to sensitivity [7, 8]. The earlier 

reactions describe the different oxygen ionization-taking place at various temperatures. 

In our case the enhanced sensing took place at 150 °C, and the following reaction 

describes (eqns 4.2 & 4.3) the possible interaction between the adsorbed ionic 

molecular oxygen and the xylene gas [10]: 

 ( ) ( )ads
O

gas CHCHHCCHCHHC 33463346 →←
−

       (4.2) 

( ) ( )
−− ++ →+ eOHCOOCHCHHC gas

C
ads 215821 22

150@
3346



     (4.3) 

Equation (4.3) demonstrates that CO2, H2O moisture and electrons are released during 

the oxidation process of the gas analyte. These electrons neutralise the holes in the 

conduction layer, thereby decreasing the resistance of the sensor during recovery.  The 

introduction of Zn at higher concentrations of more than 0.1 at. % in this study resulted 

into a reduced sensing performances and such behaviour is explained in detail using 

the XPS and PL studies in the next sections. 

4.5. Optical Properties of Zn doped CuO and undoped CuO nanoplatelets 

 
The PL, analyses were carried out to support the gas sensing findings. Figure 4.7a 

shows the room temperature PL spectra of the pure CuO and that doped with various 
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concentrations of Zn. Doped samples exhibited an improved PL intensity of the 

nanoplatelets compared to pure CuO. The PL intensities of both the 0.1 at. % and 0.25 

at. % Zn doped CuO were much higher and broader (i.e. 400-500 nm) than the rest of 

the samples. Meanwhile, the 0.50 at. % and 2.0 at. % Zn doped samples exhibited 

intermediate PL intensities. Both the pure CuO and 1.0 at. % Zn doped CuO exhibited 

the lowest PL intensities due to poor charge separations [11, 12]. Only the PL emission 

of the pure CuO was red-shifted with its peak around 450 nm. The broadness of 

emission in the visible spectrum range is normally due to oxygen vacancies and 

extrinsic defects from doping [13]. Oxygen vacancies are the prime intrinsic/native 

defects emanating from a lack of lattice oxygen or oxygen deficient regions in the metal 

oxide surface. They play a crucial role in the metal oxide functions. 

They act as shallow donors. The near band edge UV emission spectra as indicated by 

an arrow in the pure CuO was suppressed (see Figure 4.7a). The origin of the UV 

emission in CuO is due to the recombination of electron hole pairs in free excitons [13]. 

More interestingly, Figure 4.7b shows the same PL spectra analysed in-situ at 150°C 

for both the pure CuO and 0.1 at. % of Zn doped CuO. It should point out that these 

samples showed the best sensing characteristics towards xylene gas at the same 

operating temperature of 150 °C. Interestingly, the emission peak of the 0.1 at. % 

Zn:CuO sample measured at 150 °C became much broader, extending from the UV up 

to the far visible range of the electromagnetic spectrum. Five peaks positioned at 3.53 

eV (352 nm), 3.02 eV (411 nm), 2.49 eV (499 nm), 2.34 eV (531 nm) and 1.97 eV (631 

nm) were obtained when deconvoluting the spectrum using Lorentzian/Gaussian fits 

(see also in Appendix A, Figure S2e).  According to Chand et al. [14] the UV emissions 
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centred at 359 and 383 nm are related to the band edge emissions of CuO, while the 

emission located at 411 nm is associated with CuO characteristics. The blue emission 

peak around 499 nm is linked to defect related emission or surface impurities like 

intrinsic defects, oxygen vacancies, oxygen interstitials and metal ions in CuO [15]. 

CuO is fundamentally p-type because of the presence of Cu vacancies. Hence, the 

radiative recombination flanked by donor level and acceptor level defect centres 

produces the noticed CuO emission peak. The green emission band positioned at 542 

nm is ascribed to singly ionized oxygen vacancies [15], while that at 2.29 eV (631 nm) 

could be linked to oxygen interstitials. 

However, the pure CuO emission peaks were completely suppressed once the 

temperature was elevated to 150°C. Only a very low intensity PL peak is shown in 

appendix A figure S2c of the ESI file for the pure CuO, displaying emission in the range 

of 350-750 nm associated with point defects such as VO and Cu vacancies. In addition, 

a PL emission stability behaviour of the pure CuO was performed. Figure S2b (as 

presented in Appendix A) of the ESI file shows that each time the PL measurements 

were repeated at room-temperature (few minutes’ interval) the PL intensity decreased 

for the pure CuO. On the other hand, the systematic study of the elevation temperature 

interval of the pure CuO as shown the appendix A of Figure S2a (in the SI) 

demonstrates that the emission peak intensities significantly decreased. This further 

shows that the defects of the pure CuO sample were easily eliminated due to thermal 

effects.  Meanwhile, the 0.1 at. % Zn:CuO sample showed   systematic increase of 

broadness of the emission peak (Figure S2d of the ESI as seen in Appendix A), 

denoting its emission stability. Therefore, it can be concluded that the 0.1 at. % Zn:CuO 
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sample carry a relative higher localized concentration of structural defects i.e. oxygen 

vacancies and oxygen interstitials which were activated at higher temperatures, 

confirming higher sensing response as observed in Figure 4.4.  

Our analysis indicates that the incorporation of Zn into CuO increased the number of 

localized oxygen vacancies, which are activated at elevated temperatures and 

confirmed to favour the oxygen adsorption, which further reacts with xylene to produce 

the large sensing resistance of the 0.1 at. % Zn:CuO based sensor. This is due to the 

fact that at room temperature the 0.1 at. % Zn:CuO based sensor showed very low 

response, and this was consistent with the PL analyses carried out at room temperature 

only showing low relative concentration of points defects. The response of 0.1 at. % Zn 

may be related to higher relative concentration of point defects observed at 150 °C, 

although the reason behind the higher response observed for pure CuO remained 

unknown since its PL intensity is quenched and suppressed at higher temperature (150 

°C).   

 

 

 

 

 

 

Figure 4. 7. The PL spectra of the pure CuO and Zn doped CuO (a) dependence of Zn 

concentration (b) pure CuO and 0.1 at. % Zn:CuO temperature dependence at room 

temperature and 150 °C. 
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4.6. Chemical composition and oxidation state of Zn doped CuO and undoped 
CuO nanostructures 

 
The surface chemical composition was investigated for the pure and Zn doped CuO 

with various concentrations by XPS and the results of the O 1s core level peaks are 

shown in Figure 4.8. The survey spectrum shown in the Appendix A ESI file of Figure 

S4 confirmed the presence of Cu and O on the surface. The wide scan survey shows a 

C 1s line (284.8 eV) which was used to calibrate the binding energies and for reference. 

The C peak was due to adventitious C due to handling and atmospheric exposure.  

The asymmetric O 1s curves shown in Figure 4.8 can be fitted by three peaks to 

represent the main oxygen components. The peaks positioned at 529.0 (Oi), 530.1 (Oii) 

and 531.8 eV (Oiii) are assigned to lattice oxygen, O2− in CuO (529.0 eV), oxygen 

deficient regions and/or chemisorbed species (530.1 eV) and hydroxides (531.8 eV) 

[16]. The peak area of the oxygen vacancies and interstitial occupy a significantly small 

portions. The area percentage of less than 10 corresponds to the hydroxides group. The 

oxygen vacancies are well known as electrons reservoirs from the conduction band to 

form an abundant number of adsorbed oxygen ions, resulting in an increased electron 

depletion layer on the surface of the sensor [4, 7, 8, 11, 12] and thus improving the gas 

sensing performance of a sensor. The XPS analysis are in agreement with the PL 

analyses as there are no oxygen defect related emissions (oxygen vacancies and 

interstitials). The Cu 2p3/2 and Cu 2p1/2 peaks (shown in Figure S6 of the ESI in 

Appendix A) were found at 933.2 and 953.2 eV, respectively, accompanied by two 

distinct satellite peaks.  
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This indicates the Cu ions were in the +2 oxidation state [10, 15, 16].  The N2 

adsorption-desorption and BET analyses were conducted in order to investigate their 

possible contribution on the gas sensing. Usually, a variation in the morphology has 

effects on the pore distribution and the sensing performance.  However, in Figure 4.9 it 

is clear that the only variation on the pore size was observed for the CuO, showing the 

pore size of 11.22 nm in comparison to that of 10.43 nm for 0.1 at. % Zn doped CuO. 

With increased doping concentration the pore size distribution remained almost the 

same and there was no significant change in the morphology observed. 

It is clearly observed that the doping does not affect the pore diameter, only changes 

are observed on the surface area, which increases with doping. The pure CuO showed 

a surface area of 21, 00 m2/g, after doping with 2.0 at. %, it increased to 26, 64 m2/g. 

Therefore, it is clear that the surface area plays a limited role in the gas sensing 

performance of these particular sensors.  
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Figure 4. 8. The O 1s XPS spectra of (a) pure CuO, (b) 0.1, (c) 0.25 and (d) 0.5 at. % 

Zn doped CuO nanoplatelets. 

 

 

 



 65 

 

 

 

 

 

 

 

 

 

 

Figure 4. 9. N2 adsorption-desorption isotherms of (a) pure CuO and (b) Zn doped CuO 

with various concentrations of Zn. insets show the corresponding pore sizes 

distributions. 

 

4.7. Magnetic Properties of Zn doped CuO and undoped CuO nanostructures 

 
Since it is known that ferromagnetism at room temperature can also be driven by point 

defects [15-17], we carried out magnetization measurements using a VSM in order to 

validate any putative relationship to sensing properties observed in pure CuO and Zn-

doped CuO nanoplatelets. Figure 4.10 shows the magnetic field dependence of the 

magnetization of the sensor materials measured at room temperature up to a magnetic 

field strength of 14 kOe. The Magnetic parameters extracted such as saturation 

magnetization ( SM ), coercivity ( CH ) and squareness ratio (
S

R
M

M ) are presented in 

Table 4.1. It is clear from the Figure 10 that the samples demonstrated characteristics 
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of paramagnetic (PM) features at room temperature with low coercive fields. Moreover, 

the coercive field decreased with increasing Zn doping concentration, whereas the 

retentivity increased. The 0.1 at. % Zn doped sample exhibited higher SM compared to 

its counterparts. Lu et al. [16] and Wang et al. [17] have also reported on composites 

systems of ZnO-CuO and their magnetic properties.  

 

 

 

 

 

 

 

 

 

 

Figure 4. 10. The Room Temperature Magnetization curves pure CuO and Zn doped 

CuO at different atomic concentration. 
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Table 4. 1. Coercive field, saturation magnetization, squareness ratio for the 

hydrothermally grown pure CuO and Zn-doped CuO nanoplatelets. 

Samples 
x:CuO 

Hci (Oe)  ± 3 Ms (emu/g) ± 0.2 MR/Ms ±0.003 

CuO 47.5 3.61 3.9×10-3 

0.1 at.% 40.4 4.23 3.3×10-3 

0.5 at.% 43.0 4.08 3.1×10-3 

1.0 at.% 1.6 2.94 652×10-3 

2.0 at.% 2.1 2.85 615×10-3 

 

These authors argued that once the composites ratios exceeded 50% of CuO, the 

paramagnetic feature dominates and the ferromagnetic part is weakened. It should be 

noted that Cu solid solubility is low or poor to ZnO [18]. However, CuO is well known to 

possess intrinsic paramagnetism [20, 21]. Therefore, the observed pure intrinsic 

paramagnetic signal is clear evidence of issues of solid solubility, lack of oxygen 

vacancies and the nature of CuO magnetization. This suggests that the observed 

paramagnetic nature of these sensors is evident to a small vestige of defects related to 

oxygen vacancies. This magnetization measurement is well supported by the PL and 

XPS analyses discussed above.  
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CHAPTER V 

 

 

5.1. Cconclusions and Recommendations 

 
In summary, pure and Zn doped CuO nanoplatelets were successfully synthesized by a 

facile pressurized hydrothermal chemical process. Pure CuO matrix was doped with Zn 

at various atomic concentrations (0.1, 0.25, 0.5, 1.0 and 2.0 at. %). The undoped CuO 

and 0.1 at. % Zn doped CuO based sensors were subjected to nine different gases at 

various concentrations and activation temperatures. Amongst the sensors, pure CuO 

and 0.1 at. % Zn doped CuO proved to be the best sensor materials, showing 

resistance ratios of about 42 and 53 towards 100 ppm p-xylene gas at a low optimum 

operating temperature of 150 °C. The PL studies at room and elevated temperatures 

suggest that both sensors contained no or small traces of oxygen vacancies and/or 

oxygen interstitials. At 150 °C the 0.1 at. % Zn doped CuO emitted a broad visible 

luminescence which may be attributed to oxygen interstitials and vacancies (Vo). 

Meanwhile, the pure CuO PL emission at 150 °C was completely supressed. These two 

sensors (CuO and 0.1 at. % Zn doped CuO) demonstrated highly selective and 

sensitive to p-xylene target gas although XPS, PL, and VSM measurements suggested 

only vestiges of Vo defects.  

The claims [1-7] that oxygen vacancies are responsible for the high responses gas 

sensing remain unclear as is demonstrated in this current work. The studies 
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demonstrate the synthesis and fabrication of CuO and Zn-doped CuO nanoplatelets at 

various atomic percentages showing no or small contents of oxygen vacancies and 

interstitials defects at room-temperature meanwhile at elevated temperatures these 

defects emerged except the pure CuO.  Pure CuO and 0.1 at. % doped-Zn: CuO 

showed highly sensitive and selective behaviour with responses of 42 and 53, 

respectively.  The electronic chemiresistive gas sensing hypothesis mechanism goes 

beyond the attributes of the intrinsic defects i.e. oxygen vacancies and their interstitials. 

  

The future trend and perspective in the gas sensing should focus on the fundamental 

gas sensing mechanisms (electronic and ionic-activated conductivities) in different 

ambient conditions i.e. inert without/reduced oxygen and dry with oxygen, but low 

relative humidity. The gas detection and long-term monitoring are two crucial factors 

that form part of our future outlook. The simultaneous exposure, cross selectivity, also is 

one crucial factor within the gas sensing field. The better understanding of these factors 

will assist in designing of the portable, hand-held sensor device operating at low 

temperatures and possible a self-powered integrated sensor.   

A high efficiency design, including high response, fast response time and fast recovery 

time is essential for low temperature gas sensors.  
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Figure. S1. (a) Comparison literature survey plot for all the sensors dedicated to p-Fig. 

xylene gas detection and their operating temperatures [1-38]. (b) Repeatability cycles 

for the 2 V bias over 100 ppm xylene gas at 150 °C. 
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Figure. S2. Photoluminescence spectra of the pure CuO and 0.1 at. % Zn-doped CuO 

(CZO-1B) time stability and temperature dependence. 
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Figure. S3. SEM micrographs elemental mapping for both the pure CuO (a-c) and 0.1 

at.% Zn-doped CuO (d-g). Both (c) and (f) correspond to the combined elemental 

mapping of Cu, O, and Cu, O, 0.1 at. % Zn, respectively. 

The following figures correspond to the XPS spectral surveys, Cu 2p and O 1s analysis 

for all the samples, CuO and Zn-doped CuO at various atomic percentages.  

 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

Figure. S4. XPS survey spectrum for the 0.1 at. % Zn-doped CuO nanoplatelets. 
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Figure. S5. Showing the binding energies from the XPS survey spectrum for the 0.1 at. 

% Zn-doped CuO nanoplatelets. 
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Figure. S6. Showing the binding energies of Cu from the XPS survey spectrum for the 

0.1 at. % Zn-doped CuO nanoplatelets. 
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