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Electronic rest mass me = 9.11 × 10-31 kg 

Planck’s constant h = 6.63 × 10-34 J.s, 4.14 × 10-15 eV.s 

Speed of light c = 3 × 108 m/s, 3 × 1010 cm/s 

Gibb’s free energy ΔG = 2.37kJmol-1 

Field emission constants a = 1.54 *10-6 A eV V-2 

b = 6.83089*103 eV-3/2 Vcm-1 

 

 

 
 

Prefixes: 
 

1 Å (angstrom) = 10-10 m  milli-, m- = 10-3 

1 μm (micron) = 10-6 m micro-, μ- = 10-6 

1 nm (nano) = 10-9 m nano-,   n- = 10-9 

2.54 cm = 1 in. pico-, p- = 10-12 

1 eV = 1.6 × 10-19 J kilo-, k- = 103 

mega-, M- = 106 
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Chapter 1 

Introduction 

 
 
 
 
 

This chapter is a brief literature review of current research on 

metal oxides and metal @ metal oxides, which helped me to 

understand the research gaps and perform my research on low 

cost, environmentally friendly ZnO nanostructure and 

Au@ZnO nano-hetero-architectures for multifunctional 

applications. It covers an overview of applications such as field 

electron emission, gas sensing, and photocatalytic water- 

splitting using nano-hetero-architecture. The motivation and 

objectives of the research work are briefed at the end of the 

chapter. 
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1.1 Significance of metal oxide nanostructures 

The emerging nanoscale science and nanotechnology have turned modern 

research into a new direction for the miniaturization of devices with improved 

functionality. The nanoscale dimensions control various physicochemical properties 

of the materials and offer technological advancement along with the miniatured 

devices structure. Nanotechnology covered numerous research areas, including 

physics, chemistry, materials science, engineering, and molecular biology, and 

boomed interdisciplinary research in various fields. Early in the 20th century, various 

materials with new morphological forms in nanoscale dimensions are widely exploited 

for the most significant contribution in technological developments. 

The materials with either of the dimensions confined in the range of 1-100 nm 

called ‘Nanomaterials’ are categorized as zero-dimensional (0D), one-dimensional 

(1D), two-dimensional (2D), and three-dimensional (3D) nanomaterials, which are 

confined in three, two, one and zero dimensions, respectively. The reduced 

dimensionality of the nanomaterials alters the configured electronic structures over the 

bulk and hence tailor various physical and chemical properties. However, among all 

three categories, 0D nanostructures offer a relatively larger surface area, and 1D 

nanostructures provided unidirectional electron transfer pathways with reduced 

contact resistance. Therefore, 1D nanostructures, a computable applicant for the 

applications in nanoelectronics and electrochemical applications such as field 

emission (FE), gas sensor, water splitting, smart windows, light-emitting diodes, and 

supercapacitor, etc. [1] is expected to deliver better performance after forming hetero- 

architecture with 0D nanostructures. 

The researchers have increasingly engaged in studying metal-oxides for various 

applications, owing to their flexibility in the nanoscale morphologies and stable 

properties. The ionic form due to the existence of positive metal and negative oxygen 

ions and imbalanced valances due to partial and completely filled ‘s’ and ‘d’ orbitals 

led metal oxides to deliver a variety of unique physical-chemical properties. The 

flexibility in electronic distribution and control over dimensionality put insulating, 

conducting, and metallic properties in single metal oxides system [2], such as wide 

bandgaps [3-4], high dielectric constant [5-6], reactive electronic transitions [7-8], 
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good electrical and [9-10] optical [11] properties, superconductivity [12-13], and 

electrochromic [14-15] and electrochemical [16-17] characteristics, etc. It makes the 

metal oxides a potentially great use in miniatured devices as fascinating functional 

materials. 

Enormous efforts have been put into the synthesis of Ni, Zn, Cu, Co, Ti, Ta, Nb, 

W, Mo, and Cd, etc. metal oxides in the form of nanorods [18-20], nanowires [21-22], 

nanotubes [23-24], nanoneedles [25-26], nanobelts [27-28], nanoribbons [29-30], 

nanozigzag [31], and nanohelix, [32] etc. However, among all these metal oxides, ZnO 

nanostructures are found to be most promising for various applications due to low cost, 

low toxicity, oxidative resistibility, and biocompatibility, etc. [33]. A widely explored 

ZnO, an n-type semiconductor with a large bandgap (i.e., 3.37 eV), large exciton 

binding energy (60 meV), near UV emission, piezoelectric nature, greater electric 

mobility, good conductivity, and ultimate chemical and thermal stability in nanosize 

are holding good competency for further improvement in electron emission and 

sensing ability [1, 34-35]. Among all explored ZnO nanostructure morphologies, 1D 

nanostructure delivers a large surface to volume ratio and continuous pathway for 

electron transfer [1, 36-38], which promotes electronic transportation in one dimension 

and facilitates sensing and emission performance. The morphology controlled 

synthesis of ZnO nanostructures has gained extensive importance in real-time 

applications. Even though the crystal structure, surface morphology, chemical 

composition, and operating temperature governs the performance of ZnO 

nanostructures, the doping/decoration of metals in ZnO was adopted to enhance the 

electronic properties for improvement in their performance [39]. 

 

1.2 Significance of metal @ metal oxide nano-architectures 

Morphology controlled synthesis of various metal oxides explored by different 

synthesis techniques broadly categorized as physical vapor deposition and chemical 

vapor deposition. However, controlled morphology of pure metal oxides still exhibit 

some drawbacks and limit the metal oxides for implementation in various commercial 

applications such as gas sensors, field emission, smart windows, H2 productions, 

supercapacitor, etc. [40-41]. The low work function, thermal stability, and high-quality 
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field electron emission are desirable qualities for improved FE performance. Although 

most metal oxides satisfy these requirements in the bulk format, their melting point 

decreases with the reduced dimensions to the nanoscale, and the thermal stability 

becomes a severe concern even after better field electron emission [42]. Likewise, 

stability, response, and selectivity have always been one of the most challenging tasks 

in metal oxide nanostructure. Moreover, poor charge transformation, slow interfacial 

kinetics, and long-term stability issue limiting the efficiency of photocatalytic water 

splitting of metal oxides [43]. The fast recombination rate of photo-induce charge 

carries (e-/h+) at the surface of metal oxide photoanode has a prime impediment in 

achieving high efficiency for photoanode [44-45]. Therefore, alternative synergistic 

nanostructured materials with excellent properties are explored to meet the required 

performance [46]. 

In the quest of the difficulties described above embedded with metal oxide 

nanostructures, researchers are increasingly engrossed in exploring their nano-hetero- 

architectures with metals in the form of doping, decoration, or core-shell structure. The 

concept of hetero-architecture has been realized in the nanomaterial either to provide 

more surface area or to overcome the poor surface structure for precisely controlled 

physicochemical properties [47-48]. Two or more dissimilar materials utilized to form 

a nano-hetero-architectures offer precise control over synergistic properties [49]. 

Therefore, various methodologies have been employed to previse controlled over the 

doping or decorations of different materials. The strategies of doping and decoration 

metal nanoparticles with metal oxide nanostructures are widely adopted to overcome 

the limitations of metal oxides and improve the performance in field electron emission, 

gas sensor, and photoelectrochemical (PEC) water-splitting, etc. The doping alters the 

electronic structures and may induce an increase in conductivity, but the intercalation 

of impurities resulted from doping affect adversely on the structural properties. 

Therefore, the decoration of metal nanoparticles over the surface of metal oxide 

nanostructures are found to be better alternatives. The alternation in the morphology 

and stoichiometric of metal oxides after doping of metals can be compromised by 

employing a decoration strategy to form nano-hetero- architectures of metal and metal 

oxides. 
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Owing to the excellent electron affinity, high electronic/chemical stability, and 

biocompatibility; gold (Au) nanoparticles are increasingly applied in the modification 

of optoelectronic properties of metal oxides for applications in UV detectors [50], 

photocatalysis [51], sensors [52], and displays, etc. Despite the larger work function 

of 5.35 to 5.76 eV, Au nanoparticles were found to perform better because of enhanced 

electron transfer and surface interactions [51]. Therefore, doping or decoration of Au 

nanoparticle has been extensively done with various metal oxide, including ZnO 

nanostructure, to modify optoelectronic properties. The decoration of Au nanoparticles 

provides high electron density and alters the electronic structure of ZnO. The strong 

interfacial interaction in the composite of Au and ZnO demonstrated a substantial 

change in charge transfer between Au and ZnO [53-54] while retaining their chemical 

stoichiometry and morphology individually. Moreover, the Au decoration assisted in 

improving light response, the recombination rate of charge carries in the PEC water- 

splitting and overwhelm the sensitivity, stability, and high operational temperatures 

issues of metal oxide gas sensors [40]. In this thesis, Chapter 2 is devoted to explaining 

the synthesis and characterization of ZnO nanowires and Au@ZnO nano-hetero- 

architectures. We have demonstrated the use of hierarchical ZnO nanowires for field 

emission, (Chapter 3) gas sensor, (Chapter 4), and further detailed the effect of 

controlled decoration of Au nanoparticles over the ZnO nanowires array in the 

improvement of field emission (Chapter 5) and water splitting (Chapter 6) 

performance. 

 

1.3 Application of metal oxides 

Metal oxides have attracted considerable scientific and industrial attention for 

energy storage, energy conversion, displays, semiconductors, sensors, generators, etc. 

Here we have provided a brief review on the utilization of metal oxides and its hetero- 

architectures for field electron emission, gas sensor, and water splitting applications 

1.3.1 Field electron emission 

The electron emission process is categorized as (a) Thermionic electron 

emission, (b) Secondary electron emission, (c) Photoelectric emission, and (d) 

Field electron emission, etc., based on energy delivered during the extraction of 
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electrons from the materials. In thermionic electron emission, the high temperature 

produces heat energy in the metal/material, and electrons start tunneling through 

the surface potential barrier (ϕ), acquiring sufficient kinetic energy. In secondary 

electron emission, the high energetic particles like electrons or ions or photons 

incident on the surface of metal/material and knockout electrons from their atoms 

by creating the vacancy. In photoelectric emission, the electrons are emitted from 

the surface of metal/material under the influence of electromagnetic radiation. 

However, in the field electron emission, the electrons are extracted from atoms or 

molecules of metal/material to the vacuum level under the influence of the intense 

electrostatic field of the ordered 106-107 V/cm. Initially, the field electron emission 

was examined by quantum tunneling of electrons and considered as one of the 

triumphs of the emerging quantum mechanics. In 1928, R. H. Flower and L. W. 

Nordheim proposed field emission theory to understand the clear nature of the 

electron emission phenomenon from bulk materials. The Flower-Nordheim (F-N) 

theory for field emission, a family of equations, is named after them. F-N equations 

strictly applied to the field emission from bulk metals only. However, the same is 

considered for solid crystalline materials after suitable modifications and 

frequently used as a rough approximation to explain the FE behavior in various 

materials. The F-N proposed field emission theory under assumptions of free- 

electron approximation and temperature of 0 oK for the metal, using equation 

 

𝑉(𝑥) = −𝑒𝐸𝑥 − 
𝑒2

 

4𝑥 
at x > 0 --(1.1) 

Where, e is the charge of the electron, E is the electric field strength i.e., the total 

potential experienced by the electrons close to the surface is the resultant of image 

force potential (-e2/4x) and external potential due to the applied electric field (- 

eEx). 

However, the electron emission current density (J), the applied electric 

field (E), and work function (ϕ) are correlated by the modified F-N equation as 

𝐽 = 1.54 × 10−6  
𝛽2𝑣2

 

𝜙𝑡2(𝑦) 

3 

𝑒𝑥𝑝[−6.83 × 107 
𝜙2 

𝑓(𝑦 --(1.2) 
𝛽𝑣 

 

Where, 𝑦 = 
1 

(𝑒3𝐸)1⁄2 
𝜙 
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Further, the plot drawn between log(J/V2) versus 1/V is known as the F-N 

plot. Where the slope of the plot (m) is given by 

3 

𝑚 = − 
2.97×103𝜙2   

𝑆(𝑦) --(1.3) 
𝛽 

𝑆(𝑦) = 𝑓(𝑦) − 
𝑦 

[
𝑑𝑓(𝑦)

 --(1.4) 

2 𝑑𝑦 

Where ϕ is the work function of the metal, β is a field enhancement factor, J is 

the current density, and V is applied voltage. S(y) function has a magnitude close 

to unity. 

The morphological aspect ratio and work function are the crucial 

parameters in field electron emission. The low work function with a high aspect 

ratio is desirable for stable field electron emission at sufficiently low external 

applied potential. Moreover, the shape and size of the emitter apex influence the 

field emission and field enhancement factor. Therefore, various nanostructure 

morphologies of different materials have been extensively explored to study the 

field emission behaviors. The carbon nanotubes have been studied commonly for 

FE due to their 1D morphology, high aspect ratio, high conductivity, high 

mechanical stability, lower turn-on field, and large emission current density [55]. 

The sharp tip features of 1D metal oxide nanostructures, analogous to 1D carbon 

nanotubes, hold the potentials to enhance the field electron emission. Therefore, 

various metal oxides, such as ZnO, MnO2, MoO3, In2O3, SnO2, WO3, V2O5, and 

TiO2 [56], are also explored for field emission. The high oxidation resistance in 

harsh environments, high mechanical stability, and hexagonal morphological 

form facilitating high aspect ratio has been fascinating researchers to explore the 

suitability of ZnO nanostructures for field emission. ZnO in the form of 

nanowires [57], nanopencil [58], multipods [59], and nano-needle [60], 

thoroughly explored to grain higher field emission current density and larger 

field enhancement factor. Moreover, Ag and Au metals were employed with the 

ZnO to form hetero-architectures [61] and nanocomposite [62], which reduced 

the work function, and enhanced field emission current. The employment of 

electron-rich metal particles modified the electronic structures and significantly 

induced the conductivity, thereby delivering additional emitting sites that 
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improved the electron emission. Nevertheless, a significant discrepancy is 

observed in the field enhancement factor and the turn-on field reported for 

various materials in the literature. Therefore, Reichard Forbes [63] has recently 

developed a simple quantitative test for lack of field emission orthodoxy, 

particularly for the field enhancement factors evaluated to confirm the suitability 

of materials for various applications. The field emission studies of the pristine 

and controlled Au decorated hierarchical ZnO nanowires are systematically 

discussed in Chapter 3, and Chapter 5. 

1.3.2 Gas sensing 

The exhaust of hazardous gases and chemicals from industries has 

resulted in global warming and impaired human and environmental health, is 

demanding to address safety and security concerns on high priority. The 

explosion of ammonium nitrate recently happened in the Beirut city of Lebanon 

can be one of the worst examples to cite. Therefore, immediate detection and 

monitoring are foremost to govern the influence of explosive and highly toxic 

gases on the environment and health. The gas sensors can serve the purpose of 

controlled monitoring of harmful gases. However, better sensitivity, optimum 

selectivity, lower operating temperature, fast responses and recovery, and 

higher reproducibility are expected with precision from the gas sensor. No 

single materials have the ability to form an ideal sensor accommodating the 

above-cited properties. Therefore, researchers across the globe are exploring 

various materials to invent efficient and reliable gas sensor devices. The 

environmentally friendly metal oxides with unique intrinsic properties can serve 

as one of the excellent alternative gas sensor materials. 

The surface morphology, crystal structure, defects, or additive impurities 

influence on sensing performance of metal oxides. The adsorption and desorption 

of reducing or oxidizing gas molecule/atom/ions on the surface of metal oxide 

change their conductivity or resistance. This means the sensing mechanism would 

initiate with adsorption of oxygen molecules over the surface when metal oxides 

are exposed to the air. The formation of different ionic species such as 𝑂−, 𝑂−, and 

𝑂2− after chemisorption of ambient air oxygen on the surface of metal oxides 
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2 play a crucial role in the sensing performance. The 𝑂− ionic species exist bellow 

100 ℃,  𝑂−  exit  in  the  temperature  range  between  100  and  300  ℃,  and 𝑂2− 

appear above 300 ℃  operational  temperature  of  sensor  materials  [64]. The 

generalized reaction mechanisms are, 

 

 
2(𝑎𝑑𝑠) 

 

2(𝑎𝑑𝑠) (𝑎𝑑𝑠) 
 

(𝑎𝑑𝑠) (𝑎𝑑𝑠) 

The trapping and releasing of surface electrons/holes after injection of gas 

molecules control the conduction band electron density and hence the resistance 

of the material. Therefore, the type of sensor materials (i.e., n-type or p-type metal 

oxide) and interactive gas (i.e., reducing or oxidizing) alters the gas mechanism. 

The interaction of reducing gases decreases the resistance of n-type metal oxides, 

whereas oxidizing gas increases its resistance. On the other hand, the resistance of 

p-type metal oxide decreases after interaction with oxidizing gases and increases 

when encountering reducing gases. 

The evidence of the space charge layer over the surface of metal oxides and 

its influence on the conductivity reported by Brattain and Bardeen [65] conceived 

the idea of consuming metal oxides as a gas sensor. Afterward, Syiyama et al. [66] 

explored the surface depletion layer over the surface of ZnO due to the interaction 

of atmospheric air during the gas sensor study. Nevertheless, metal oxides have 

drawn considerable attention due to their low-cost, high sensitivity, compatible 

nature, and ease of device fabrication. So far, oxides of various metals such as Sn, 

Zn, Ti, W, Ni, In, Te, Cd, Fe, and Mo, etc., are remarkably explored as gas sensors 

[1, 67-69]. Besides the non-toxic nature, thermal and chemical stability, high 

conductivity, excellent oxidation resistance, and good biocompatibility, n-type 

ZnO is preferable candidates for gas sensing applications owing to its diverse 

morphological forms, wide direct band gap (3.37 eV), and large exciton binding 

energy (60 meV) [70-71]. However, large scale applicability is limited because of 

high operational temperature, poor selectivity, low sensitivity, narrow light- 

responsive range, and high recombination rate [70-71]. The noble metal particles 

9 

𝑂2(𝑎𝑖𝑟) ⇌ 𝑂2(𝑎𝑑𝑠)     -- (1.5) 

𝑚𝑒𝑡𝑎𝑙 𝑜𝑥𝑖𝑑𝑒 + 𝑂2(𝑎𝑑𝑠) + 𝑒− ⇌ 𝑂− at ≤ 100 ℃ -- (1.6) 

𝑚𝑒𝑡𝑎𝑙 𝑜𝑥𝑖𝑑𝑒 + 𝑂− + 𝑒− ⇌ 2𝑂− at 100 < 300 ℃ -- (1.7) 

𝑚𝑒𝑡𝑎𝑙 𝑜𝑥𝑖𝑑𝑒 + 𝑂− + 𝑒− ⇌ 𝑂2− above 300 ℃ -- (1.8) 

 



either over the surface or as the dopant in the metal oxide were employed as an 

alternative to enhance the gas sensitivity and improve the performance [72-78]. 

The effect of the hierarchical appearance of ZnO nanowires in the detection of 

various gases within the detection safety limit of 50 ppm at lower operation 

temperature is discussed in Chapter 4. 

1.3.3 Photocatalytic water-splitting 

The industrial demands for the luxury of society projected to upsurge 

energy consumption rates enormously are the most significant challenge for the 

future scientific era. Therefore, the discovery of clean, safe, and sustainable energy 

sources is the most challenging task. Hydrogen energy is one of the most 

competitive candidates to fulfill energy requirements. It can serve as an energy 

device with zero carbon emission and run the vehicles, spacecraft, aircraft, etc. 

Several techniques based on thermal decomposition, photocatalysis, radiolysis, 

and PEC processes are employed to extract the hydrogen from water [79-81]. The 

radiolysis and thermal decomposition required high temperature and are suffering 

from low hydrogen yield. However, the artificial photocatalytic and PEC splitting 

of water in to H2 and O2 is attracting attention as an easier, cheaper, sustainable, 

and renewable source to produce energy. 

Fujishima and Honda first introduced the use of TiO2 in the PEC water 

splitting [82]. The PEC cell consisting of photoactive materials (i.e., 

photoanode/photocathode) as a working electrode and metal as a counter electrode 

connected by external circuits are immersed in an aqueous electrolyte. The 

externally applied bias to the electrode drives the reaction at the desired rate. The 

oxidation and reduction reactions are carried out consuming light radiation of 

optimum energy and extract oxygen and hydrogen, respectively. The absorption of 

light photons at the surface of photoelectrode excites the photoelectrons and 

generates electron-hole pairs through a redox reaction. The water oxidation takes 

place at photoanode utilizing the photogenerated hole to generate O2 and H+. The 

photogenerated electron flow towards the photocathode and results in the reduction 

of H+ in the form of H2 production [83]. These processes are known as oxygen 

evolution reaction (OER) and hydrogen evolution reaction (HER), respectively. 
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𝑜𝑥𝑑 

𝑟𝑒𝑑 

This thermodynamically, an endothermic reaction required the potential higher 

than the minimum essential energy (i.e., 1.23 eV) to subdue the overpotential and 

expected losses. This reaction mechanism is elucidated as [84], 

ℎ𝜐 − + 

𝑆𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 → 𝑒𝐶𝐵 + ℎ𝑉𝐵 --(1.9) 

Oxidation of water into oxygen gas at photoanode 

2𝐻2𝑂 + 4ℎ+ → 𝑂2 + 4𝐻+ 𝐸0 1.23 𝑉 𝑣𝑠 𝑅𝐻𝐸 --(1.10) 

Reduction of water into hydrogen gas at the photocathode 

2𝐻+ + 2𝑒− → 𝐻2 𝐸0 0 𝑉 𝑣𝑠 𝑅𝐻𝐸 --(1.11) 

The overall water-splitting reaction is 

𝐻2𝑂 + 2ℎ𝜐 →  𝐻2 +  1⁄2 𝑂2  𝛥𝐸 =  +1.23 𝑉 𝑣𝑠 𝑅𝐻𝐸 --(1.12) 

Where, 𝛥𝐺 =  +2.37𝑘𝐽𝑚𝑜𝑙−1 

For use in a PEC cell, the semiconductor material photocatalytic in nature, 

demands a wide range of optical absorption, high charge transfer rate at the 

interface, controlled photo-corrosion, and compatible band alignment for the water 

redox reaction. To date, several semiconducting materials are explored for PEC 

water-splitting, but metal oxides are attracting scientific and industrial attention 

due to good chemical/thermal stability, excellent biocompatible, and 

environmentally friendly nature [79, 85-86]. 

The large surface area assisted in driving efficient charge separation and 

the resultant PEC performance. Therefore, 1D nanostructure morphologies such as 

nanorods, nanowires, nanotubes, and nanosheets are highly promising for PEC 

water splitting. The pristine [87], doped (of N, Fe. Mn, and Co, etc.) [88-89], and 

decorated (of Au) [90] TiO2 are one of the most explored photoactive materials for 

PEC water splitting. However, ZnO having a band structure like TiO2 is 

competitive enough because of higher electron mobility and higher charge 

transport rate. Various strategies like nanostructuring, doping [91], modification 

of morphologies [92], and decoration of metals like Ag, Au, Pt, and Pd, etc. [93- 

96] are adopted to improve the PEC performance of ZnO. The alteration in the 

surface and electric properties of ZnO nanostructures after doping or decorating 

with noble metal particles has improved light absorption and photocurrent density, 
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which resulted in the enhancement of PEC performance [93-96]. The effect of 

controlled decoration of Au nanoparticles on PEC water splitting performance of 

ZnO nanowires is elaborated in Chapter 6. 

 

1.4 Motivation 

Zinc oxide is one of the most popular materials. It exists in only two forms ZnO 

and ZnO2, [1] with the hexagonal and cubic phases. The hexagonal structure is most 

stable and hence generally observed. Nevertheless, the cubic structure is stable if 

grown on the substrate with a cubic crystalline form. It crystallizes in three major 

structures of rock-salt, zinc-blende, and wurtzite. The existence of largely ionic bonds 

between Zn2+ of atomic radii of 0.074 nm and O2- of 0.140 nm preferentially results in 

the formation of hexagonal (i.e., wurtzite) phase shown in Figure 1.1. ZnO is typically 

n-type materials and rarely observed in p-type form. The nonstoichiometry is the 

common origin of n-type structure, but theoretical studies predicted the unintentional 

substitution of hydrogen impurities during the synthesis is the source behind n-type 

characteristics [97]. The direct bandgap of ~ 3.3 eV observed in ZnO can be tuned in 

the range of 3-4 eV by controlling the surface morphological features and doping 

concentrations or forming composites [98]. ZnO nanostructures has been synthesized 

in various forms such as rods [99], wires [100], pencils [101], needles [102], pins 

[103], bullets [104], ribbons [105], belts [32], tubes [106], combs [105], and helices 

[32], etc. These 1D nanostructure are found more suitable for applications in 

biosensors [107], nanogenerators [108], photocatalysis [109], field emission [99], and 

gas sensing [110], etc. 

The growth of the 1D ZnO nanostructures was controlled, either optimizing 

synthesis conditions or using metal catalysts. The catalyst guided the vertical growth 

of the ZnO nanostructure with a high aspect ratio, which assisted in improving 

performance in various applications. Different annealing environments are explored 

to modify the electronic structure and significantly induce conductivity [59]. 

Moreover, the doping of various metals such as Al [111], Co [112], Cu [113], and Mg 

[114], etc., was adopted to improve the functionality of ZnO. However, the 

hierarchical growth of the sharp tip featured morphologies, and their controlled 

 
 
 

12 



decoration with metal nanoparticles are not explored thoroughly. On the other hand, 

Au nanoparticles are increasingly engrossed in the modification of optoelectronic 

properties of metal oxides for various in UV detectors [50], photocatalysis [51], 

sensors [52], and displays, etc. owing to the excellent electron affinity, high 

electronic/chemical stability and biocompatibility. Therefore, the comprehensive 

exploration of 1D ZnO nanostructures and tunable nano-heteroarchitectures with 

metallic 0D Au nanoparticles for utilization as field emission electrode, 

photoelectrode/photoanode, and the gas sensor is of vital importance in the quest for 

lower turn-on field, improved field enhancement factor, enhanced photoelectric 

performance, and gas sensing performance in the detection safety limit of 50 ppm, etc. 

 

Figure 1.1. The schematic representation of the hexagonal wurtzite crystal structure 

of ZnO [115]. 

 

1.5 Aim of the Thesis 

The investigations reported in this thesis with the following aims are planned 

to find answers to the questions pertaining to the methodical literature survey. 

The aims of this are: 

a) Synthesis of unique 1D ZnO nanostructures morphology in hierarchical form, 

and investigate the crystalline structure, surface morphology, band alignment, 

chemical composition, etc. The optimized and controlled synthesis of one 1D 

ZnO nano-structure employing a simple hydrothermal synthesis technique. 
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b) To form controlled hetero-architectures by decorating 0D Au nanoparticles 

along the surface of 1D ZnO nanowires and investigate their crystalline nature, 

surface morphology, band alignment, and chemical properties. 

c) Study the effect of sharp-tip features on the field emission performance of 

pristine ZnO nanostructure in terms of turn-on field and stability 

d) Study the sensing behavior and mechanism of hierarchically connected ZnO 

nanowires in the detection safety limit at the lower operating temperatures. 

e) Investigate the role of controlled hetero-architecture of 0D Au nanoparticles 

decorated 1D ZnO nanowires in the field electron emission displays. 

f) Study the effect of Au nanoparticle loading on the photoelectrochemical 

activities of Au@ZnO nano-hetero-architectures. 

 

1.6 Reference 

[1.] Devan R. S., Patil R. A., Lin J. H., Ma Y. R., (2012), One-dimensional metal- 

oxide nanostructures: recent developments in synthesis, characterization, and 

applications, Adv. Funct. Mater., 22, 3326-3370, (DOI: 

10.1002/adfm.201201008). 

[2.] Shi Y. F., Guo B. K., Corr S. A., Shi Q. H., Hu Y. S., Heier K. R., Chen L. Q., 

Seshadri R., Stucky G. D., (2009), Ordered mesoporous metallic MoO2 

materials with highly reversible lithium storage capacity, Nano Lett., 9, 4215- 

4220, (DOI: 10.1021/nl902423a). 

[3.] Emeline A. V., Kataeva G. V., Panasuk A. V., Ryabchuk V. K., Sheremetyeva 

N. V., Serpone N., (2005), Effect of surface photoreactions on the 

photocoloration of a wide bandgap metal oxide: probing whether surface 

reactions are photocatalytic, J. Phys. Chem. B, 109, 5175-5185, (DOI: 

10.1021/jp0452047). 

[4.] Kroger M., Hamwi S., Meyer J., Riedl T., Kowalsky W., Kahn A., (2009), P- type 

doping of organic wide bandgap materials by transition metal oxides: a case-

study on molybdenum trioxide, Org. Electron., 10, 932-938, (DOI: 

10.1016/j.orgel.2009.05.007). 

 

 

 

14 



[5.] Rignanese G. M., (2005), Dielectric properties of crystalline and amorphous 

transition metal oxides and silicates as potential high-kappa candidates: the 

contribution of density-functional theory, J. Phys.-Condes. Matter, 17, R357- 

R379, (DOI: 10.1088/0953-8984/17/7/r03). 

[6.] Robertson J., (2006), High dielectric constant gate oxides for metal oxide Si 

transistors, Rep. Prog. Phys., 69, 327-396, (DOI: 10.1088/0034- 

4885/69/2/r02). 

[7.] Chen K. D., Bell A. T., Iglesia E., (2002), The relationship between the electronic 

and redox properties of dispersed metal oxides and their turnover rates in 

oxidative dehydrogenation reactions, J. Catal., 209, 35-42, (DOI: 

10.1006/jcat.2002.3620). 

[8.] Sysoev V. V., Button B. K., Wepsiec K., Dmitriev S., Kolmakov A., (2006), 

Toward the nanoscopic "electronic nose": hydrogen vs carbon monoxide 

discrimination with an array of individual metal oxide nano- and mesowire 

sensors, Nano Lett., 6, 1584-1588, (DOI: 10.1021/nl060185t). 

[9.]  Mavrou G., Galata S., Tsipas P., Sotiropoulos A., Panayiotatos Y., Dirnoulas  A., 

Evangelou E. K., Seo J. W., Dieker C., (2008), Electrical properties of La2O3 

and HfO2/La2O3 gate dielectrics for germanium metal-oxide- semiconductor 

devices, J. Appl. Phys., 103, 1-9, (DOI: 10.1063/1.2827499). 

[10.] Lee M. J., Han S., Jeon S. H., Park B. H., Kang B. S., Ahn S. E., Kim K. H., 

Lee C. B., Kim C. J., Yoo I. K., Seo D. H., Li X. S., Park J. B., Lee J. H., Park 

Y., (2009), Electrical manipulation of nanofilaments in transition-metal oxides 

for resistance-based memory, Nano Lett., 9, 1476-1481, (DOI: 

10.1021/nl803387q). 

[11.] Dev A., Richters J. P., Sartor J., Kalt H., Gutowski J., Voss T., (2011), 

Enhancement of the near-band-edge photoluminescence of ZnO nanowires: 

important role of hydrogen incorporation versus plasmon resonances, Appl. 

Phys. Lett., 98, 1-3, (DOI: 10.1063/1.3569951). 

 

 

 

15 



[12.] Takada K., Sakurai H., Takayama-Muromachi E., Izumi F., Dilanian R. A., 

Sasaki T., (2003), Superconductivity in two-dimensional CoO2 layers, Nature, 

422, 53-55, (DOI: 10.1038/nature01450). 

[13.] Ren Z. A., Che G. C., Dong X. L., Yang J., Lu W., Yi W., Shen X. L., Li Z. 

C., Sun L. L., Zhou F., Zhao Z. X., (2008), Superconductivity and phase 

diagram in iron-based arsenic-oxides ReFeAsO(1-delta) (Re = rare-earth 

metal) without fluorine doping, Epl., 83, 1-4, (DOI: 10.1209/0295- 

5075/83/17002). 

[14.] Lu X. H., Wang G. M., Zhai T., Yu M. H., Gan J. Y., Tong Y. X., Li Y., (2012), 

Hydrogenated TiO2 nanotube arrays for supercapacitors, Nano Lett., 12, 1690- 

1696, (DOI: 10.1021/nl300173j). 

[15.] Zhou C., Zhang Y. W., Li Y. Y., Liu J. P., (2013), Construction of high- 

capacitance 3D CoO@polypyrrole nanowire array electrode for aqueous 

asymmetric supercapacitor, Nano Lett., 13, 2078-2085, (DOI: 

10.1021/nl400378j). 

[16.] Rosseinsky D. R., Mortimer R. J., (2001), Electrochromic systems and the 

prospects for devices, Adv. Mater., 13, 783-793, (DOI: 10.1002/1521- 

4095(200106)13:11<783::AID-ADMA783>3.0.CO;2-D). 

[17.] Granqvist C. G., (2008), Oxide electrochromics: Why, how, and whither, Sol. 

Energy Mater. Sol. Cells, 92, 203-208, (DOI: 10.1016/j.solmat.2006.10.027). 

[18.] Ma Y. R., Tsai C. C., Lee S. F., Cheng K. W., Liou Y., Yao Y. D., (2006), 

Magnetic properties of large-area one-dimensional WO2 and MoO2 nanorods, 

J. Magn. Magn. Mater., 304, E13-E15, (DOI: 10.1016/j.jmmm.2006.02.025). 

[19.] Devan R. S., Ho W. D., Lin J. H., Wu S. Y., Ma Y. R., Lee P. C., Liou Y., 

(2008), X-ray diffraction study of a large-scale and high-density array of one- 

dimensional crystalline tantalum pentoxide nanorods, Cryst. Growth Des., 8, 

4465-4468, (DOI: 10.1021/cg800369s). 

[20.] Lin J. H., Chiu H. C., Lin Y. R., Wen T. K., Patil R. A., Devan R. S., Chen C. 

H., Shiu H. W., Liou Y., Ma Y. R., (2013), Electrical and chemical 

 

16 



characteristics of probe-induced two-dimensional SiOx protrusion layers, 

Appl. Phys. Lett., 102, 1-5, (DOI: 10.1063/1.4776696). 

[21.] Zhou J., Ding Y., Deng S. Z., Gong L., Xu N. S., Wang Z. L., (2005), Three- 

dimensional tungsten oxide nanowire networks, Adv. Mater., 17, 2107-2110, 

(DOI: 10.1002/adma.200500885). 

[22.] Wang Z. L., Song J. H., (2006), Piezoelectric nanogenerators based on zinc oxide 

nanowire arrays, Science, 312, 242-246, (DOI: 10.1126/science.1124005). 

[23.] Prakasam H. E., Shankar K., Paulose M., Varghese O. K., Grimes C. A., (2007), 

A new benchmark for TiO2 nanotube array growth by anodization, J. Phys. 

Chem. C, 111, 7235-7241, (DOI: 10.1021/jp070273h). 

[24.] Liu S. M., Gan L. M., Liu L. H., Zhang W. D., Zeng H. C., (2002), Synthesis  of 

single-crystalline TiO2 nanotubes, Chem. Mat., 14, 1391-1397, (DOI: 

10.1021/cm0115057). 

[25.] Park C. J., Choi D. K., Yoo J., Yi G. C., Lee C. J., (2007), Enhanced field 

emission properties from well-aligned zinc oxide nanoneedles grown on the 

Au/Ti/n-Si substrate, Appl. Phys. Lett., 90, 1-3, (DOI: 10.1063/1.2643979). 

[26.] Rao P. M., Zheng X. L., (2009), Rapid catalyst-free flame synthesis of dense, 

aligned alpha-Fe2O3 nanoflake and CuO nanoneedle arrays, Nano Lett., 9, 

3001-3006, (DOI: 10.1021/nl901426t). 

[27.] Wang W. Z., Zeng B. Q., Yang J., Poudel B., Huang J. Y., Naughton M. J.,  Ren 

Z. F., (2006), Aligned ultralong ZnO nanobelts and their enhanced field 

emission, Adv. Mater., 18, 3275-3278, (DOI: 10.1002/adma.200601274). 

[28.] Kitchamsetti N., Chikate P. R., Patil R. A., Ma Y. R., Shirage P. M., Devan, 

R. S., (2019), Perforated mesoporous NiO nanostructures for an enhanced 

pseudocapacitive performance with ultra-high rate capability and high energy 

density, CrystEngComm, 21, 7130-7140, (DOI: 10.1039/c9ce01475f). 

 

 
 

 

17 



[29.] Matsui K., Pradhan B. K., Kyotani T., Tomita A., (2001), Formation of nickel 

oxide nanoribbons in the cavity of carbon nanotubes, J. Phys. Chem. B, 105, 

5682-5688, (DOI: 10.1021/jp010496m). 

[30.] Law M., Zhang X. F., Yu R., Kuykendall T., Yang P. D., (2005), Thermally 

driven interfacial dynamics of metal/oxide bilayer nanoribbons, Small, 1, 858- 

865, (DOI: 10.1002/smll.200500114). 

[31.] Sinha S. K., Ghosh S., (2016), Catalyst-free growth of Al-doped SnO2 zigzag- 

nanobelts for low ppm detection of organic vapours, Phys. E, 84, 434-443, 

(DOI: 10.1016/j.physe.2016.07.019). 

[32.] Gao P. X., Ding Y., Mai W. J., Hughes W. L., Lao C. S., Wang Z. L., (2005), 

Conversion of zinc oxide nanobelts into superlattice-structured nanohelices, 

Science, 309, 1700-1704, (DOI: 10.1126/science.1116495). 

[33.] Wei A., Pan L. H., Huang W., (2011), Recent progress in the ZnO nanostructure-

based sensors, Mater. Sci. Eng. B-Adv. Funct. Solid-State Mater., 176, 1409-

1421, (DOI: 10.1016/j.mseb.2011.09.005). 

[34.] Lin J. H., Patil R. A., Devan R. S., Liu Z. A., Wang Y. P., Ho C. H., Liou Y., 

Ma Y. R., (2014), Photoluminescence mechanisms of metallic Zn nanospheres, 

semiconducting ZnO nanoballoons, and metal-semiconductor Zn/ZnO 

nanospheres, Sci Rep, 4, 1-8, (DOI: 10.1038/srep06967). 

[35.] Devan R. S., Lin J. H., Huang Y. J., Yang C. C., Wu S. Y., Liou Y., Ma Y. R., 

(2011), Two-dimensional single-crystalline Zn hexagonal nanoplates: size- 

controllable synthesis and X-ray diffraction study, Nanoscale, 3, 4339-4345, 

(DOI: 10.1039/c1nr10694e). 

[36.] Chikate P. R., Bankar P. K., Choudhary R. J., Ma Y. R., Patil S. I., More M.  A., 

Phase D. M., Shirage P. M., Devan R. S., (2018), Spitzer shaped ZnO 

nanostructures for enhancement of field electron emission behaviors, RSC 

Adv., 8, 21664-21670, (DOI: 10.1039/c8ra03282c). 

[37.]    Chikate P. R., Daware K. D., Gavhane D. S., Ma Y. R., Choudhary R. J., Patil 

S. I., More M. A.,  Phase  D. M., Gosavi  S. W., Shirage P. M., Devan  R.  S., 
 

 

18 



(2018), Controlled hetero-architectures of Au-nanoparticles-decorated ZnO 

nanowires for enhanced field electron emission displays, ChemistrySelect, 3, 

7891-7899, (DOI: 10.1002/slct.201801282). 

[38.] Chikate P. R., Daware K. D., Patil S. S., Didwal P. N., Lole G. S., Choudhary 

R. J., Gosavi S. W., Devan R. S., (2020), Effects of Au loading on the 

enhancement of photoelectrochemical activities of the Au@ZnO nano- 

heteroarchitecture, New J. Chem., 44, 5535-5544, (DOI: 

10.1039/d0nj00004c). 

[39.] Xiu F., Xu J., Joshi P. C., Bridges C. A., Paranthaman M. P. (2016), ZnO doping 

and defect engineering-a review. Semiconductor Mater. Sol. Photovoltaic 

cells, 105-140, (DOI:10.1007/978-3-319-20331-7_4). 

[40.] Kim T. H., Hasani A., Quyet L. V., Kim Y., Park S. Y., Lee M. G., Sohn W., 

Nguyen T. P., Choi K. S., Kim S. Y., Jang H. W., (2019), NO2 sensing 

properties of porous Au-incorporated tungsten oxide thin films prepared by 

solution process, Sens. Actuator B-Chem., 286, 512-520, (DOI: 

10.1016/j.snb.2019.02.009). 

[41.] Yin B. S., Zhang S. W., Zheng X., Qu F. Y., Wu X., (2014), Cuprous chloride 

nanocubes grown on copper foil for pseudocapacitor electrodes, Nano-Micro 

Lett., 6, 340-346, (DOI: 10.1007/s40820-014-0007-3). 

[42.] Chang Y. M., Lin M. L., Lai T. Y., Lee H. Y., Lin C. M., Wu Y. C. S., Juang 

J. Y., (2012), Field emission properties of gold nanoparticle-decorated ZnO 

nanopillars, ACS Appl. Mater. Interfaces, 4, 6675-6681, (DOI: 

10.1021/am301848a). 

[43.] Chou T. P., Zhang Q. F., Cao G. Z., (2007), Effects of dye loading conditions on 

the energy conversion efficiency of ZnO and TiO2 dye-sensitized solar cells, J. 

Phys. Chem. C, 111, 18804-18811, (DOI: 10.1021/jp076724f). 

[44.] Zhang  H.  J.,  Wu  D.  H.,  Tang  Q.,  Liu  L.,  Zhou  Z.,  (2013),  ZnO-GaN 

heterostructured nanosheets for solar energy harvesting: computational studies 
 

 

 

19 



based on hybrid density functional theory, J. Mater. Chem. A, 1, 2231-2237, 

(DOI: 10.1039/c2ta00706a). 

[45.] Patil S. S., Johar M. A., Hassan M. A., Patil D. R., Ryu S. W., (2018), Anchoring 

MWCNTs to 3D honeycomb ZnO/GaN heterostructures to enhancing 

photoelectrochemical water oxidation, Appl. Catal. B-Environ., 237, 791-801, 

(DOI: 10.1016/j.apcatb.2018.06.047). 

[46.] Colak H., Karakose E., (2019), Synthesis and characterization of different dopant 

(Ge, Nd, W)-doped ZnO nanorods and their CO2 gas sensing applications, 

Sens. Actuator B-Chem., 296, 1-12, (DOI: 10.1016/j.snb.2019.126629). 

[47.] Wang X. J., Wang W., Liu Y. L., (2012), Enhanced acetone sensing performance 

of Au nanoparticles functionalized flower-like ZnO, Sens. Actuator B-Chem., 

168, 39-45, (DOI: 10.1016/j.snb.2012.01.006). 

[48.] Ponnuvelu D. V., Dhakshinamoorthy J., Prasad A. K., Dhara S., Kamruddin M., 

Pullithadathil B., (2020), Geometrically controlled Au-decorated ZnO 

heterojunction nanostructures for NO2 detection, ACS Appl. Nano Mater., 3, 

5898-5909, (DOI: 10.1021/acsanm.0c01053). 

[49.] Mirzaei A., Janghorban K., Hashemi B., Neri G., (2015), Metal-core@metal 

oxide-shell nanomaterials for gas-sensing applications: a review, J. Nanopart. 

Res., 17, 1-36, (DOI: 10.1007/s11051-015-3164-5). 

[50.]  Lu S. N., Qi J. J., Liu S., Zhang Z., Wang Z. Z., Lin P., Liao Q. L., Liang Q.  J., 

Zhang Y., (2014), Piezotronic interface engineering on ZnO/Au-based 

Schottky junction for enhanced photoresponse of a flexible self-powered UV 

detector, ACS Appl. Mater. Interfaces, 6, 14116-14122, (DOI: 

10.1021/am503442c). 

[51.] Khoa N. T., Kim S. W., Yoo D. H., Kim E. J., Hahn S. H., (2014), Size- 

dependent work function and catalytic performance of gold nanoparticles 

decorated graphene oxide sheets, Appl. Catal. A-Gen., 469, 159-164, (DOI: 

10.1016/j.apcata.2013.08.046). 

 

 

20 



[52.] Fan F. Y., Zhang J. J., Li J., Zhang N., Hong R. R., Deng X. C., Tang P. G., Li 

D. Q., (2017), Hydrogen sensing properties of Pt-Au bimetallic nanoparticles 

loaded on ZnO nanorods, Sens. Actuator B-Chem., 241, 895-903, (DOI: 

10.1016/j.snb.2016.11.025). 

[53.] Im J., Singh J., Soares J. W., Steeves D. M., Whitten J. E., (2011), Synthesis and 

optical properties of dithiol-linked ZnO/gold nanoparticle composites, J. Phys. 

Chem. C, 115, 10518-10523, (DOI: 10.1021/jp202461f). 

[54.] Wang X., Kong X. G., Yu Y., Zhang H., (2007), Synthesis and characterization 

of water-soluble and bifunctional ZnO-Au nanocomposites, J. Phys. Chem. C, 

111, 3836-3841, (DOI: 10.1021/jp064118z). 

[55.] Sun Y., Shin D. H., Yun K. N., Hwang Y. M., Song Y., Leti G., Jeon S. G., Kim 

J. I., Saito Y., Lee C. J., (2014), Field emission behavior of carbon nanotube 

field emitters after high temperature thermal annealing, AIP Adv., 4, 1-6, (DOI: 

10.1063/1.4889896). 

[56.] Kleshch V. I., Rackauskas S., Nasibulin A. G., Kauppinen E. I., Obraztsova E. 

D., Obraztsov A. N., (2012), Field emission properties of metal oxide 

nanowires, J. Nanoelectron. Optoelectron., 7, 35-40, (DOI: 

10.1166/jno.2012.1212). 

[57.] Lee C. J., Lee T. J., Lyu S. C., Zhang Y., Ruh H., Lee H. J., (2002), Field 

emission from well-aligned zinc oxide nanowires grown at low temperature, 

Appl. Phys. Lett., 81, 3648-3650, (DOI: 10.1063/1.1518810). 

[58.] Wang R. C., Liu C. P., Huang J. L., Chen S. J., Tseng Y. K., Kung S. C., (2005), 

ZnO nanopencils: efficient field emitters, Appl. Phys. Lett., 87, 1-3, (DOI: 

10.1063/1.1977187). 

[59.] Zhao Q., Xu X. Y., Song X. F., Zhang X. Z., Yu D. P., Li C. P., Guo L., (2006), 

Enhanced field emission from ZnO nanorods via thermal annealing in oxygen, 

Appl. Phys. Lett., 88, 1-3, (DOI: 10.1063/1.2166483). 

 

 

 

 
 

21 



[60.] Zhao Q., Zhang H. Z., Zhu Y. W., Feng S. Q., Sun X. C., Xu J., Yu D. P., 

(2005), Morphological effects on the field emission of ZnO nanorod arrays, 

Appl. Phys. Lett., 86, 3, (DOI: 10.1063/1.1931831). 

[61.] Singh A., Senapati K., Kumar M., Som T., Sinha A. K., Sahoo P. K., (2017), 

Role of work function in field emission enhancement of Au island decorated 

vertically aligned ZnO nanotapers, Appl. Surf. Sci., 411, 117-123, (DOI: 

10.1016/j.apsusc.2017.03.060). 

[62.] Warule S. S., Chaudhari N. S., Khare R. T., Ambekar J. D., Kale B. B., More 

M. A., (2013), Single step hydrothermal approach for devising hierarchical Ag- 

ZnO heterostructures with significant enhancement in field emission 

performance, CrystEngComm, 15, 7475-7483, (DOI: 10.1039/c3ce40792f). 

[63.] Forbes R. G., (2013), Development of a simple quantitative test for lack of  field 

emission orthodoxy, Proc. R. Soc. A-Math. Phys. Eng. Sci., 469, 16, (DOI: 

10.1098/rspa.2013.0271). 

[64.] Wetchakun K., Samerjai T., Tamaekong N., Liewhiran C., Siriwong  C., Kruefu 

V., Wisitsoraat A., Tuantranont A., Phanichphant S., (2011), Semiconducting 

metal oxides as sensors for environmentally hazardous gases, Sens. Actuator 

B-Chem., 160, 580-591, (DOI: 10.1016/j.snb.2011.08.032). 

[65.] Brattain W. H., Bardeen J., (1953), Surface properties of germanium, The Bell 

Sys. Techn. J., 32, 1-41, (DOI:10.1021/j150577a015). 

[66.] Seiyama T., Kato A., Fujiishi K., Nagatani M., (1962), A new detector for 

gaseous components using semiconductive thin films, Analytical Chem., 34, 

1502-1503, (DOI:10.1021/ac60191a001). 

[67.] Ji H. C., Zeng W., Li Y. Q., (2019), Gas sensing mechanisms of metal oxide 

semiconductors: a focus review, Nanoscale, 11, 22664-22684, (DOI: 

10.1039/c9nr07699a). 

[68.] Ge L., Mu X. L., Tian G. Y., Huang Q., Ahmed J., Hu Z., (2019), Current 

applications of gas sensor based on 2-D nanomaterial: a mini review, Front. 

Chem., 7, 1-7, (DOI: 10.3389/fchem.2019.00839). 

 

22 



[69.] Dey A., (2018), Semiconductor metal oxide gas sensors: a review, Mater. Sci. 

Eng. B-Adv. Funct. Solid-State Mater., 229, 206-217, (DOI: 

10.1016/j.mseb.2017.12.036). 

[70.] Zhu L., Zeng W., (2017), Room-temperature gas sensing of ZnO-based gas 

sensor: a review, Sens. Actuator A-Phys., 267, 242-261, (DOI: 

10.1016/j.sna.2017.10.021). 

[71.] Bhati V. S., Hojamberdiev M., Kumar M., (2019), Enhanced sensing 

performance of ZnO nanostructures-based gas sensors: a review, Energy 

Repo., 46-62, (DOI:10.1016/j.egyr.2019.08.070). 

[72.]  Meng F. L., Hou N. N., Jin Z., Sun B., Guo Z., Kong L. T., Xiao X. H., Wu  H., 

Li M. Q., Liu J. H., (2015), Ag-decorated ultra-thin porous single- crystalline 

ZnO nanosheets prepared by sunlight induced solvent reduction and their highly 

sensitive detection of ethanol, Sens. Actuator B-Chem., 209, 975- 982, (DOI: 

10.1016/j.snb.2014.12.078). 

[73.] Wei Y., Wang X. D., Yi G. Y., Zhou L. X., Cao J. L., Sun G., Chen Z. H., Bala 

H., Zhang Z. Y., (2018), Hydrothermal synthesis of Ag modified ZnO 

nanorods and their enhanced ethanol-sensing properties, Mater. Sci. Semicond. 

Process, 75, 327-333, (DOI: 10.1016/j.mssp.2017.11.007). 

[74.] Wang X. H., Zhang J., Zhu Z. Q., Zhu J. Z., (2006), Effect of Pd2+ doping on 

ZnO nanotetrapods ammonia sensor, Colloid Surf. A-Physicochem. Eng. Asp., 

276, 59-64, (DOI: 10.1016/j.colsurfa.2005.10.026). 

[75.] Ganesh R. S., Durgadevi E., Navaneethan M., Patil V. L., Ponnusamy S., 

Muthamizhchelvan C., Kawasaki S., Patil P. S., Hayakawa Y., (2018), Tuning 

the selectivity of NH3 gas sensing response using Cu-doped ZnO 

nanostructures, Sens. Actuator A-Phys., 269, 331-341, (DOI: 

10.1016/j.sna.2017.11.042). 

[76.]    Huang X., Li C. P., Qian L. R., Li M. J., Li H. J., Niu X. C., Yang B. H., (2019), 

Improved ethanol vapor sensing properties of sputtered ZnO films by doping 

Ta, Mater. Today Commun., 21,1-6, (DOI: 10.1016/j.mtcomm.2019. 100680). 

 

23 



[77.] Wang Y., Meng X. N., Cao J. L., (2020), Rapid detection of low concentration 

CO using Pt-loaded ZnO nanosheets, J. Hazard. Mater., 381, 1-9, (DOI: 

10.1016/j.jhazmat.2019.120944). 

[78.] Ponnuvelu D. V., Pullithadathil B., Prasad A. K., Dhara S., Ashok A., Mohamed 

K., Tyagi A. K., Raja B., (2015), Rapid synthesis and characterization of hybrid 

ZnO@Au core-shell nanorods for high performance, low temperature NO2 gas 

sensor applications, Appl. Surf. Sci., 355, 726-735, (DOI: 

10.1016/j.apsusc.2015.07.143). 

[79.] Wang Z., Li C., Domen K., (2019), Recent developments in heterogeneous 

photocatalysts for solar-driven overall water splitting, Chem. Soc. Rev., 48, 

2109-2125, (DOI: 10.1039/c8cs00542g). 

[80.] Acar C., Dincer I., Naterer G. F., (2016), Review of photocatalytic water- 

splitting methods for sustainable hydrogen production, Int. J. Energy Res., 40, 

1449-1473, (DOI: 10.1002/er.3549). 

[81.] Maeda K., Domen K., (2010), Photocatalytic water splitting: recent progress and 

future challenges, J. Phys. Chem. Lett., 1, 2655-2661, (DOI: 

10.1021/jz1007966). 

[82.] Fujishima A., Honda K., (1972), Electrochemical photolysis of water at a 

semiconductor electrode, Nature, 238, 37-38, (DOI: 10.1038/238037a0). 

[83.] Ahmad H., Kamarudin S. K., Minggu L. J., Kassim M., (2015), Hydrogen from 

photo-catalytic water splitting process: a review, Renew. Sust. Energ. Rev., 43, 

599-610, (DOI: 10.1016/j.rser.2014.10.101). 

[84.] Joy J., Mathew J., George S. C., (2018), Nanomaterials for photoelectrochemical 

water splitting - review, Int. J. Hydrog. Energy, 43, 4804-4817, (DOI: 

10.1016/j.ijhydene.2018.01.099). 

[85.] Chen H. N., Yang S. H., (2016), Hierarchical nanostructures of metal oxides  for 

enhancing charge separation and transport in photoelectrochemical solar 

energy conversion systems, Nanoscale Horiz., 1, 96-108, (DOI: 

10.1039/c5nh00033e). 

 

24 



[86.] Yang Y., Niu S. W., Han D. D., Liu T. Y., Wang G. M., Li Y., (2017), Progress in 

developing metal oxide nanomaterials for photoelectrochemical water 

splitting, Adv. Energy Mater., 7, 1-26, (DOI: 10.1002/aenm.201700555). 

[87.] Shankar K., Bandara J., Paulose M., Wietasch H., Varghese O. K., Mor G. K., 

LaTempa T. J., Thelakkat M., Grimes C. A., (2008), Highly efficient solar cells 

using TiO2 nanotube arrays sensitized with a donor-antenna dye, Nano Lett., 8, 

1654-1659, (DOI: 10.1021/nl080421v). 

[88.] Hoang S., Guo S. W., Hahn N. T., Bard A. J., Mullins C. B., (2012), Visible light 

driven photoelectrochemical water oxidation on nitrogen-modified TiO2 

nanowires, Nano Lett., 12, 26-32, (DOI: 10.1021/nl2028188). 

[89.] Wang C. Z., Chen Z., Jin H. B., Cao C. B., Li J. B., Mi Z. T., (2014), Enhancing 

visible-light photoelectrochemical water splitting through transition-metal 

doped TiO2 nanorod arrays, J. Mater. Chem. A, 2, 17820-17827, (DOI: 

10.1039/c4ta04254a). 

[90.] Zhang Z. H., Zhang L. B., Hedhili M. N., Zhang H. N., Wang P., (2013), 

Plasmonic gold nanocrystals coupled with photonic crystal seamlessly on TiO2 

nanotube photoelectrodes for efficient visible light photoelectrochemical water 

splitting, Nano Lett., 13, 14-20, (DOI: 10.1021/nl3029202). 

[91.] Yang X. Y., Wolcott A., Wang G. M., Sobo A., Fitzmorris R. C., Qian F., Zhang 

J. Z., Li Y., (2009), Nitrogen-doped ZnO nanowire arrays for 

photoelectrochemical water splitting, Nano Lett., 9, 2331-2336, (DOI: 

10.1021/nl900772q). 

[92.]  Sun X., Li Q., Jiang J. C., Mao Y. B., (2014), Morphology-tunable synthesis  of 

ZnO nanoforest and its photoelectrochemical performance, Nanoscale, 6, 

8769-8780, (DOI: 10.1039/c4nr01146e). 

[93.] Wei Y. F., Ke L., Kong J. H., Liu H., Jiao Z. H., Lu X. H., Du H. J., Sun X. 

W., (2012), Enhanced photoelectrochemical water-splitting effect with a bent 

ZnO nanorod photoanode decorated with Ag nanoparticles, Nanotechnology, 

23, 1-8, (DOI: 10.1088/0957-4484/23/23/235401). 

 

25 



[94.] Wang T., Lv R., Zhang P., Li C. J., Gong J. L., (2015), Au nanoparticle sensitized 

ZnO nanopencil arrays for photoelectrochemical water splitting, Nanoscale, 7, 

77-81, (DOI: 10.1039/c4nr03735a). 

[95.] Moakhar R. S., Kushwaha A., Jalali M., Goh G. K. L., Dolati A., Ghorbani M., 

(2016), Enhancement in solar driven water splitting by Au-Pd nanoparticle 

decoration of electrochemically grown ZnO nanorods, J. Appl. Electrochem., 

46, 819-827, (DOI: 10.1007/s10800-016-0981-x). 

[96.] Hsu Y. K., Fu S. Y., Chen M. H., Chen Y. C., Lin Y. G., (2014), Facile 

synthesis of Pt nanoparticles/ZnO nanorod arrays for photoelectrochemical 

water splitting, Electrochim. Acta, 120, 1-5, (DOI: 

10.1016/j.electacta.2013.12.095). 

[97.] Janotti A., Van de Walle C. G., (2007), Hydrogen multicentre bonds, Nat. 

Mater., 6, 44-47, (DOI: 10.1038/nmat1795). 
 

[98.] Ozgur U., Alivov Y. I., Liu C., Teke A., Reshchikov M. A., Dogan S., Avrutin 

V., Cho S. J., Morkoc H., (2005), A comprehensive review of ZnO materials 

and devices, J. Appl. Phys., 98, 1-103, (DOI: 10.1063/1.1992666). 

[99.] Zeng H. B., Xu X. J., Bando Y., Gautam U. K., Zhai T. Y., Fang X. S., Liu B. 

D., Golberg D., (2009), Template deformation-tailored ZnO nanorod/nanowire 

arrays: full growth control and optimization of field-emission, Adv. Funct. 

Mater., 19, 3165-3172, (DOI: 10.1002/adfm.200900714). 

[100.] Huang M. H., Mao S., Feick H., Yan H. Q., Wu Y. Y., Kind H., Weber E., 

Russo R., Yang P. D., (2001), Room-temperature ultraviolet nanowire 

nanolasers, Science, 292, 1897-1899, (DOI: 10.1126/science.1060367). 

[101.] Shen G. Z., Bando Y., Liu B. D., Golberg D., Lee C. J., (2006), Characterization 

and field-emission properties of vertically aligned ZnO nanonails and 

nanopencils fabricated by a modified thermal-evaporation process, Adv. Funct. 

Mater., 16, 410-416, (DOI: 10.1002/adfm.200500571). 

 

 

 

 

 
 

26 



[102.] Zhu Y. W., Zhang H. Z., Sun X. C., Feng S. Q., Xu J., Zhao Q., Xiang B., Wang 

R. M., Yu D. P., (2003), Efficient field emission from ZnO nanoneedle arrays, 

Appl. Phys. Lett., 83, 144-146, (DOI: 10.1063/1.1589166). 

[103.] Xu C. X., Sun X. W., (2003), Field emission from zinc oxide nanopins, Appl. 

Phys. Lett., 83, 3806-3808, (DOI: 10.1063/1.1625774). 
 

[104.] Gautam U. K., Panchakarla L. S., Dierre B., Fang X. S., Bando Y., Sekiguchi 

T., Govindaraj A., Golberg D., Rao C. N. R., (2009), Solvothermal synthesis, 

cathodoluminescence, and field-emission properties of pure and N-doped ZnO 

nanobullets, Adv. Funct. Mater., 19, 131-140, (DOI: 

10.1002/adfm.200801259). 

[105.] Leung Y. H., Djurisic A. B., Gao J., Xie M. H., Wei Z. F., Xu S. J., Chan W. 

K., (2004), Zinc oxide ribbon and comb structures: synthesis and optical 

properties, Chem. Phys. Lett., 394, 452-457, (DOI: 

10.1016/j.cplett.2004.07.053). 

[106.] Wang N., Cao X., Guo L., (2008), Facile one-pot solution phase synthesis of 

SnO2 nanotubes, J. Phys. Chem. C, 112, 12616-12622, (DOI: 

10.1021/jp800465a). 

[107.] Kong T., Chen Y., Ye Y. P., Zhang K., Wang Z. X., Wang X. P., (2009), An 

amperometric glucose biosensor based on the immobilization of glucose 

oxidase on the ZnO nanotubes, Sens. Actuator B-Chem., 138, 344-350, (DOI: 

10.1016/j.snb.2009.01.002). 

[108.] Wang X. D., Song J. H., Liu J., Wang Z. L., (2007), Direct-current 

nanogenerator driven by ultrasonic waves, Science, 316, 102-105, (DOI: 

10.1126/science.1139366). 

[109.] Chu D. W., Masuda Y., Ohji T., Kato K., (2010), Formation and photocatalytic 

application of ZnO nanotubes using aqueous solution, Langmuir, 26, 2811- 

2815, (DOI: 10.1021/la902866a). 

[110.] Rout C. S., Krishna S. H., Vivekchand S. R. C., Govindaraj A., Rao C. N. R., 

(2006), Hydrogen and ethanol sensors based on ZnO nanorods, nanowires and 

 

27 



nanotubes, Chem. Phys. Lett., 418, 586-590, (DOI: 

10.1016/j.cplett.2005.11.040). 

[111.] Hsu C. L., Su C. W., Hsueh T. J., (2014), Enhanced field emission of Al-doped 

ZnO nanowires grown on a flexible polyimide substrate with UV exposure, 

RSC Adv., 4, 2980-2983, (DOI: 10.1039/c3ra45201h). 

[112.] Wang A. H., Zhong Z. G., Lu C., Lv L. X., Wang X. C., Zhang B. L., (2011), 

Study on field-emission characteristics of electrodeposited Co-doped ZnO thin 

films, Phys. B, 406, 1049-1052, (DOI: 10.1016/j.physb.2010.08.022). 

[113.] Ye F., Cai X. M., Dai F. P., Jing S. Y., Zhang D. P., Fan P., Liu L. J., (2012), 

The field emission of Cu-doped ZnO, Phys. Status Solidi B-Basic Solid State 

Phys., 249, 596-599, (DOI: 10.1002/pssb.201147252). 

[114.] Hussain F., Imran M., Khalil R. M. A., Niaz N. A., Rana A. M., Sattar M. A., 

Ismail M., Majid A., Kim S., Iqbal F., Javid M. A., Saeed S., Sattar A., (2020), 

An insight of Mg doped ZnO thin films: a comparative experimental and first- 

principle investigations, Phys. E, 115, 1-9, (DOI: 

10.1016/j.physe.2019.113658). 

[115.] Adegoke K. A., Iqbal M., Louis H., Jan S. U., Mateen A., Bello O. S., (2018), 

Photocatalytic conversion of CO2 using ZnO semiconductor by hydrothermal 

method, Pak. J. Anal. Environ. Chem., 19, 1-27, (DOI: 

10.21743/pjaec/2018.06.01). 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

28 



 
 
 
 
 
 
 
 
 
 
 

Chapter 2 

Experimental  Techniques 

 
 
 
 
 
 
 
 
 

 
This chapter explains the synthesis protocol of 1D ZnO 

nanowires and Au@ZnO nano-heteroarchitectures and their 

various characterization techniques. 
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2.1 Introduction 

The ZnO nanostructures have shown potentials to use pigment, UV absorber, 

corrosion prevention in a nuclear reactor, food additive, biomedical applications, 

including field emission, gas sensing, nanogenerators, nanoelectronics, water splitting, 

etc. [1-4] The large aspect ratio and micrometer length of 1D nanostructures providing 

better contact at the microscopic level, and hence found more suitable for the 

application in nanoelectronic among all other morphologies [5]. Therefore, the 

scientific community has explored various synthesis techniques to obtain a wide 

variety of 1D nanostructure morphologies. 

 

2.2 Synthesis of ZnO and Au@ZnO nanostructures 

Nanomaterials are usually synthesized top-down and bottom-up approaches. 

In these approaches, the bulk material is lowered down to nano dimensions, and 

separate entities like atomic/molecular species bring together to obtain nano 

dimensions, respectively, by utilizing chemical or physical methods. The chemical 

processes are known for their cost-effectiveness, ease of synthesis, and well-controlled 

nanostructure growth. Therefore, the hydrothermal and citrate reduction method is 

employed to synthesize ZnO nanowires and Au nanoparticles. The fundamental 

aspects of these synthesis methods are briefly discussed below. 

 

2.2.1 Synthesis of ZnO nanowires 

The hydrothermal synthesis involves the heterogeneous chemical 

reaction in the presence of aqueous or non-aqueous solvents above room 

temperature and at a pressure greater than 1 atm in closed conditions to dissolve 

and recrystallize materials that are relatively insoluble under ordinary 

conditions [6]. The hydrothermal synthesis is cost-effective and 

environmentally friendly to provides a variety of high-quality nanostructure 

morphology. The hydrothermal setup includes an Autoclave and a Teflon liner. 

An ideal hydrothermal autoclave (Figure 2.1 (a)) that encompasses Teflon liner 

(Figure 2.1 (b)) (i) should be inert to acids, bases, and oxidizing agents, and 

(ii) must withstand high pressure and temperature for a long duration of time 

without the leakage. 
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The ZnO nanowires were synthesized on the conducting glass 

substrates through this approach. The analytical grade reagents, Zinc Acetate 

dehydrates (C4H6O4Zn.2H2O, 98 %, Sigma Aldrich), and Sodium peroxide 

(Na2O2, 97 %, Sigma Aldrich), and absolute ethanol (Thomas Baker Pvt. Ltd) 

along with Deionized (DI) water were used throughout the experimentation. 

Initially, all the glasswares utilized in the reaction were cleaned using acetone 

and DI water. The appropriate amount of Zinc Acetate dehydrates 

(C4H6O4Zn.2H2O, 98 %, Sigma Aldrich) and Sodium peroxide (Na2O2, 97 %, 

Sigma Aldrich) were stirred separately at room temperature to dissolved in 

water. Later, these solutions were mixed in 1:1 promotion at its 30 mM/L and 

100 mM/L concentration at room temperature for 30 min under constant 

stirring to ensure a homogenous mixture. This solution was then transferred to 

an autoclave containing well-aligned ITO coated glass substrates. The 

hydrothermal reactions were carried out at various temperatures and times to 

observe desirable hierarchical ZnO nanowire growth. The hierarchical growth 

of ZnO nanowires over the ITO coated glass substrate was obtained at an 

optimized temperature of 85 ℃ for an optimized reaction time of 12 hr. The 

synthesis details are briefly discussed in Chapter 2. Thus, obtained ZnO 

nanowires were further subjected to the decoration of Au nanoparticles 

synthesized by the citrate reduction method. 

 

Figure 2.1. Photograph of (a) stainless still autoclave and (b) Teflon liner. 
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2.2.2 Synthesis of Au nanoparticles. 

Various methods are explored for the synthesis of Au nanoparticles [7]. 

However, the Au nanoparticle of uniform dimensions in the range of 10-150 

nm can be gained from the synthetic route known as the citrate reduction 

method. This method is well explored for various applications and investigated 

the nanoparticles formation mechanism when the tetrachloroauric acid solution 

precursor reacts with the reducing agent (a trisodium citrate solution). 

However, this method is cursed with the irreproducible production of 

polydisperse nanoparticles. Therefore, we have a well-optimized reaction 

parameter to reduce the polydispersity. 

In this citrate reduction method, the metal salt is reduced in the proper 

agent at optimized conditions [8]. The analytical grade reagents, Chloroauric 

acid (HAuCl4), and Trisodium citrate (Na3C6H5O7), and Deionized (DI) water 

were used for the synthesis of Au nanoparticle. The 0.1 gm of Trisodium citrate 

(Na3C6H5O7) solution prepared in 15 ml deionized water was continuously 

added to Chloroauric acid (HAuCl4; 12 mM/L) dissolved in 25 mL deionized 

water for 30 min under a controlled temperature of 98 oC. As the reaction 

progresses, a change in the color of HAuCl4 from light yellow to violet and 

finally turning to wine-red was observed, indicating the formation of Au 

nanoparticles. Au atoms are formed by nucleation and condensation and grow 

bigger in size by reducing more Au+ ions on the surfaces (Figure 2.2). The 

reaction was continued for 15 min to obtain an Au nanoparticle of uniform 

dimensions. 

 

 
Figure 2.2. Schematic representation of the formation of Au nanoparticles. 
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2.2.3 Synthesis of Au@ZnO nano-hetero-architecture. 

Various studies reported that the decoration of conducting metal 

nanoparticles over the metal oxide nanostructure to form nano-hetero- 

architectures shows a significant enhancement in their properties and, 

specifically, electronic properties, such as field emission. [9,10] Therefore, in 

the present study, the reaction time was controlled to decorate the Au 

nanoparticles over the ZnO nanorods. The independently synthesized ZnO 

nanowires and Au nanoparticles were subjected to the formation of Au@ZnO 

nano-hetero-architectures. As-synthesized ZnO nanowires arrays were 

transferred to the mobilized solution of Au nanoparticles. The Hexadecanethiol 

(HDT, 20 pmol/L) was added to the solution to conform the functionalization 

of Au nanoparticles along the ZnO nanowires. As-synthesized ZnO nanowires 

arrays were immersed in the mobilized solution of Au nanoparticles. The Au 

concentration, reaction temperature, and stirring conditions were well 

maintained to ensure the reliable decoration of Au nanoparticles at various 

reaction times. The Au nanoparticles were allowed to react with ZnO 

nanowires at room temperature for 4, 8, 12, 24, and 48 hr to ensure the 

distinctive decoration of Au nanoparticles. The loading of Au nanoparticles 

has increased with reaction time and reached saturation after 24 hr. The amount 

of Au nanoparticle decoration is confirmed from XPS and FESEM analysis. 

More details are discussed in Chapter 5. 

 

2.3 Characterization techniques 

The structural and morphological features of the well-optimized nanostructures 

were confirmed from the X-ray diffraction (XRD), Field Emission Scanning Electron 

Microscopy (FESEM), and Transmission Electron Microscopy (TEM). The elemental 

analysis and chemical compositions were explored from Energy Dispersive 

Spectroscopy (EDS) and X-ray Photoelectron Spectroscopy (XPS). These 

characterization techniques are well-known, therefore, not discussed in this thesis. 

However, related experimental details are discussed briefly in the experimental section 

of each chapter. Further, the field emission, gas sensing, and water splitting 
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performance of ZnO nanowires and Au@ZnO nano-hetero-architectures were 

explored using laboratory built experimental setups. The experimental design and 

rationale behind the optimization of various parameters are discussed here. The details 

on the optimized experimental conditions for field emission, gas sensing, and water 

splitting performance are briefed in the respective chapters. 

 

2.3.1 Field Emission Measurements 

A good electron source is much required and always hunted for simple 

domestic gadgets (i.e., television) to highly sophisticated instruments (i.e., 

FESEM, SEM, and TEM). The electron emission, obtained from the cathode 

by means of an energy supply of external agencies in a suitable form, is 

categorized as thermionic emission, photoelectric emission, secondary electron 

emission, and field electron emission. The field electron emission has attracted 

the scientific and industrial community due to the emission of the electron by 

quantum tunneling through the potential barrier at the surface of the material 

under the influence of a high electrostatic field. R.W. Wood [11] first reported 

the field emission while was attempting to produce intense x-rays in 1897. 

Further, it was described theoretically in 1928 by Ralph H. Fowler and Lothar 

W. Nordheim [12], assuming the temperature of 0 oK, the free-electron 

approximation, smooth and planar surface for the metals. This theory is called 

Fowler-Nordheim theory by their name, which still serves as the basis for 

modern field emission analysis. 

The field emission performance of ZnO nanowires and Au@ZnO nano- 

hetero-architectures was deliberated from a lab-based field emission 

microscope system. The photograph and schematic of the general 

configuration for the field emission setup are shown in Figure 2.3. The material 

under investigation acts as the cathode, and the subsequent anode is a 

semitransparent ITO coated circular conducting phosphor screen of 65 mm 

diameter. The spacing between cathode and anode (≡ d) typically has hundreds 

of micrometers range. The applied potential typically in the kV range is 

optimized to acquire a high electric field, and thus, to observe the field electron 

emission from the sample. The electrons tunnel through the potential barrier 
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and get attracted towards the anode under the influence of a high electric field. 

The emission phenomenon is evaluated from the emission current density as a 

function of the applied voltage. The ultra-high vacuum (UHV) is essential to 

reduce the possibility of breakdown across the micron size interelectrode 

spacing. A thin film consisting of 1D or 0D nanostructures act as multi emitters 

(number of emitters grown on the flat substrate). Therefore, the parallel plate 

diode configuration is considered for the field electron emission studies. This 

is also termed as close proximity due to the interelectrode separation of 250 

µm to a few mm. 

 

Figure 2.3. (a) The photograph (b) schematic of the parallel plate configuration 

of the field electron emission measurement system [13]. 

 

In the present study, the measurement system was maintained at a base 

pressure of ~ 7.5×10-9 Torr. During the field emission measurements, the 

leakage current was ditched using shielded cables and ensuring proper 

grounding. Samples were preconditioned at a voltage of ~ 3 kV for 30 min. to 

avoid the influence of contamination and loosely bound nanostructures in the 

field emission. The three different cathode-anode separations of 1500, 2000, 

and 2500 µm were considered to gain the best optimized stable field emission 

from ZnO nanowires. The optimized distance of 2000 µm for ZnO nanowires 

was established further for field emission studies on Au@ZnO nano-hetero- 

architectures. The effect of these separations on the field emission behavior is 

detailed in Chapters 3 and 5. The emission current was measured on Keithley 
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Electrometer (6514) at direct current (dc) voltage (V) applied to the cathode 

with a step of 40 V using high voltage dc power supply (0-40 kV, Spellman, 

U. S.). The instantaneous emission current fluctuation supervene even at 

constantly applied bias due to various processes occur at the emitter surface. 

Therefore, error in the emission current is crucial, and it is recorded over 

several sets of the field emission measurements. The averaged emission 

measurements were accounted for the J-E and F-N plots and long-term stability 

study. 

 

2.3.2 Gas Sensing Measurements 

Gas sensing is a process of detecting various flammable, combustible, 

and toxic gases as part of a safety system. The gas sensing device used to detect 

leaks or emissions of gases can be interfaced with a control system to signify 

the gases through a series of audible or visible indicators (i.e., alarms, lights, 

etc.) and shut down the process automatically. The gas detector units were 

fabricated initially to detect single gas, but the modern multifunctional sensing 

devices can detect several gases at a time. The various basic terms, such as 

sensor response, selectivity, optimal operating temperature, response and 

recovery time, long-term stability, detection limit, etc., are briefly discussed in 

Chapter 4. Herein, details of the experimental setup employed for gas sensing 

measurements are presented. Sensing performance is investigated on the as- 

prepared of ZnO nanowires samples with Pt interdigitated electrodes and a Pt 

heater located on the backside. Figure 2.4 shows the schematic representation 

of the laboratory built sensing setup utilized in the present study [14]. 

This measurement was done by Keithley 2401 source meter. The 

current was varied according to the resistance of the sample from 0.1 – 1μA. 

The Keithley instrument was interfaced to a PC using LABVIEW® software 

and GPIB USB interface from National instruments. All the test gases were 

procured from Ultra-Pure Gases Pvt. Ltd., Gujarat, India (99.9 % purity). The 

gas flow was controlled using digital mass flow controllers with flow rate 0- 

200 mL/min (Dakota Instruments, USA), out of which one is dedicated to zero 

air, and the other one was calibrated for the use of various test gases like CO, 
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NH3, C2H5OH, etc. Synthetic air (zero air) was used to take care of the 

humidity effect on the gas sensing measurements. The sensing behavior was 

studied at different operation temperatures ranging from 30 (R.T.) to 150 oC 

for various gas concentrations (i.e., 10, 20, 50, 100 ppm) controlled by 

DigiFlow® software interfaced through PC. The sensing performance of ZnO 

nanowires is estimated by measuring the change in the resistance in the air and 

gas environment. The response and recovery time are estimated at 90 % of the 

maximum and minimum resistance value observed for ZnO nanowires, 

respectively, during gas sensing studies. Other details on the gas sensing 

measurements are detailed in Chapter 4. 

Figure 2.4. Schematic of the gas sensing setup used for the detection of ethanol 

(C2H5OH), ammonia (NH3), and carbon monoxide (CO) gas. 

 

2.3.3 Photoelectrochemical (PEC) Measurements 

The photoelectrochemical experiments were performed in a three- 

electrode home-made cell wired to a typical potentiostat/galvanostat (Parstat 

3000A, Princeton Applied Research), operated by Versa Studio software 

shown in Figure 2.5 [15]. The as-synthesized sample was mounted onto a 

Teflon chamber cell having a size of 16×9×10 cm3 (L×W×H). The 

photoelectrochemical behaviors were tested under ambient conditions using a 
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three-electrode cell containing 0.5 M Na2SO4 electrolyte (pH of 6.8). The 

semiconductor material (ZnO nanowires, photoanode), a Pt wire, and an 

Ag/AgCl electrode (sodium-chloride-saturated silver chloride electrode) were 

used as the working, counter, and reference electrodes, respectively. The 

photo-anode was mounted onto the Teflon chamber, where the sample surface 

was directly in contact with the electrolyte through a hole with a diameter of 

approximately 0.5 cm. A conductive Cu wire was bonded to the photoanode 

surface using indium contact and wired to the counter electrode for hole 

transport. The sample was irradiated through a transparent quartz window 

using simulated sunlight provided by a 300 W Xe lamp set with 1.5 AM 

(Newport 66902). The light irradiance was kept constant at 500 mW/cm2 

during the measurement and illuminated surface area 0.30 cm2. The 

chronoamperometry and linear scan voltammetry (LSV) (10 mV/s) 

experiments were performed using a single-channel potentiostat. The photo- 

anode performance was assessed based on the photocurrent density-voltage (J- 

V) curves evaluated both in the dark and under illumination. Other related 

details are discussed in Chapter 6. 

 

Figure 2.5. The photograph of the laboratory-made photoelectrochemical cell 

for water splitting studies [15]. 
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Chapter 3 

Field emission of ZnO nanostructures 

 
 
 
 
 
 
 
 

 
This chapter presents the synthesis of 1D ZnO nanowires using 

a simple hydrothermal method. The structural, chemical, and 

electronic properties of ZnO nanowires are examined using 

FESEM, XPS, UPS, etc. The effect of morphology on the field 

emission performance of ZnO nanowires is discussed in this 

chapter. 
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3.1 Abstract 

We observed enhanced field emission (FE) behavior for spitzer shaped ZnO 

nanowires synthesized via hydrothermal approaches. The spitzer shaped and pointed 

tipped 1D ZnO nanowires of average diameter 120 nm and length ~ 5-6 μm were 

randomly grown over the ITO coated glass substrate. The turn-on field (Eon) of 1.56 

V/µm required to draw the current density of 10 µA/cm2 from spitzer shaped ZnO 

nanowires is significantly lower than that of pristine and doped ZnO nanostructures 

and MoS2@TiO2 heterostructure based FE devices. The orthodoxy test was performed 

to confirms the feasibility of the field enhancement factor (βFE) of 3924 for ZnO/ITO 

emitters. The enhancement in FE behavior can be attributed to the spitzer shaped 

nanotips, sharply pointed nanotips, and individual dispersion of ZnO nanowires. The 

ZnO/ITO emitters exhibited considerably stable electron emissions, with average 

current fluctuations of ± 5 %. Our investigations suggest that the spitzer shaped ZnO 

nanowires holds the potentials for further improvement in electron emission and other 

functionalities after forming their tunable nano-hetero-architectures with metal or 

conducting materials. 

 

3.2 Introduction 

Among the various 1D nanostructure morphologies, nanowires and nanorods 

offering the advantages of the large surface area are found to improve the field electron 

emission. Carbon nanotubes are of great interest to field emission (FE) because of their 

high aspect ratio, better electrical and thermal conductivity, and robust mechanical and 

chemical stability. However, the difficulties in the density controlled vertical growth 

of nanotubes at lower cost have significantly impeded the practical execution of carbon 

nanotubes in field emission devices. Wide bandgap transitions metal oxides such as 

NbO2, TiO2, CuO, and SnO are known for their stability are found suitable for field 

emission in their 1D forms such as wire, rods, tubes, needles, etc.[1-4] Even though 

ZnO is fascinating for the diverse applications in solar cell, catalysis, sensing, 

photocatalysis, smart windows, photoluminescence, supercapacitor, and generators, 

etc., and also found more suitable for ultraviolet light emitters or laser diodes [4,5], is 

moderately considered for FE displays because of the larger work function in the range 
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of 5.3 to 5.6 eV, limited morphological forms, and field screening effect from 

uncontrolled dispersion [6-9]. Therefore, emerging practices to tailor the work 

function and improve the electron emission are modifications of emitter geometry, 

induction of impurities decoration of metals, and vertical alignment of the structures 

[2,10]. Implantation of elements in ZnO nanowires was found to produce nanoscale 

protuberances and surface-related defects, which turns out to reduce turn-on field (Eon) 

from 3.1 to 2.4 V/µm (at 0.1 µA/cm2) [11]. However, the Cu doping in ZnO through 

direct current magnetron sputtering in the Ar and O2 environment deteriorated the 

crystalline quality by reducing Zn interstitials and formed electron traps, which 

weaken the field emission and hence leads to the Eon of 9 to 22.5 V/µm [12]. Even 

though, doping of elements like Ga [13], Al [14], Mg [15], C [16], and In [17], etc., 

lead to the favorable alternation in electronic properties of ZnO. Which might have 

assisted in the lower possible Eon of 2.4, 2.8, 5.99, 18, and 193 V/µm, respectively, for 

field emission, but one cannot neglect that these values are defined at a lower current 

density ranging from 0.1 to 1 µA/cm2. 

The modification of critical surface bonding length at the nano regime can 

tailor the ZnO nanostructure morphologies of the pyramid-, pencil-, rod-, and wire-, 

etc., forms [18]. However, metals as catalysts were employed in the growth process 

for control over random alignment and density of structures, which unfavorably 

tailored field emission properties. The density controlled growth of ZnO nanopillars 

using self-assembled Ag nano-islands/layers provided the Eon of 2.39 V/µm [19]. 

Catalysts guided the vertical alignment of ZnO nanowires on an insulating substrate 

such as sapphire, which limited their applications in photonic/electronic devices like 

field emitters [20]. On the other hand, it has been demonstrated that needle 

morphological forms can emit electrons more efficiently [21]. Many growth methods 

have been utilized to explore various 1D morphologies [4], but very few known to 

provide tip features are cursed with post-treatments such as annealing or in-situ 

heating. The air annealed tip-morphology of ZnO nanorods exhibited the Eon of 3.5 

V/µm owing to the large rod-body diameter and shortened tips [21]. C-axis oriented 

ZnO nanocones in-situ heated at 580 oC in the O2 atmosphere to grow on Si substrate 

conceived Eon of 2.57 V/µm defined at a very low current density of 0.1 µA/cm2 [22]. 
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Zhao et al. [23] thermally annealed ZnO nanorods in oxygen, air, and NH3 to improve 

the Eon (at 0.1 µA/cm2) from 8.8 V/µm to 4.1 V/µm. Ghosh et al. [24] observed 

enhancement in the FE performance after capping the tips of randomly oriented and 

highly oxygen defective ZnO nanostructures with metal nanoparticles despite their 

larger work function (i.e., 5.04-4.7 eV). Therefore, for promising field emission 

performance, efforts on size reduction, uniform morphology, sharp tip features, and 

periodic growth of pristine ZnO nanowires appear to be of scientific and technological 

importance. 

In this work, we present the synthesis of large-area arrays of randomly oriented 

spitzer shaped truncated/pointed ZnO nanowires grown periodically like Christmas 

tree using hydrothermal methods as excellent field emitters. The influence of spitzer 

shaped tip morphologies of 1D ZnO nanowires on field electron emission properties 

was studied methodically. The surface morphological features, chemical and 

electronic structure of pristine ZnO nanowires were revealed using field-emission 

scanning electron microscopy (FESEM) and X-ray photoelectron spectroscopy (XPS). 

The FE behaviors of pristine 1D ZnO nanowires were studied at optimized anode- 

cathode separation and observed that at the separation of 2000 μm, the 1D spitzer 

shaped hexagonal ZnO nanowires exhibited excellent FE properties. 

 

3.3 Experimental section 

The large area arrays of ZnO nanowires were synthesized on ITO coated glass 

substrates utilizing the hydrothermal approach. The Zinc Acetate dehydrates 

(C4H6O4Zn.2H2O, 98 %, Sigma Aldrich) and Sodium peroxide (Na2O2, 97 %, Sigma 

Aldrich) were mixed in 1:1 promotion at its 30 mM/L and 100 mM/L concentration, 

respectively. This solution was stirred at room temperature for 30 min. and then 

transferred to an autoclave containing well-aligned ITO coated glass substrates. The 

hydrothermal reaction was carried out at 85 oC for 12 hr to grow 1D ZnO nanowires 

over the ITO coated glass substrate. After that, the surface morphology of pristine ZnO 

nanowires was confirmed using a field emission scanning electron microscopy 

(FESEM, Carl Zeiss, Merlin 6073). The chemical states of ZnO nanowires were 

analyzed utilizing an X-ray photoelectron spectrometer (XPS, Thermo Scientific Inc. 
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Kα) with a microfocus monochromated Al Kα X-ray. The valence band spectra (VBS) 

was measured using the Omicron energy analyzer (EA-125, Germany) at angle 

incidence photoemission spectroscopy (AIPES) beamline on Indus-1 synchrotron 

source at RRCAT, Indore, India. The FE studies of pristine ZnO nanowires were 

carried out in a vacuum chamber maintained at a base pressure of ~ 7.5 × 10-9 Torr. 

The anode, semi-transparent phosphor screen was maintained at various distances of 

1500, 2000, and 2500 µm from pristine ZnO nanowires (≡ ZnO/ITO emitter). Samples 

were preconditioned at a voltage of ~ 3 kV for 30 min to avoid the influence of 

contamination and loosely bound nanowires in field emission. Field emission current 

(I) was measured with an electrometer (Keithley 6514) at direct current (dc) voltage 

(V) applied using a high-voltage dc power supply (0-40 kV, Spellman). The long-term 

stability of the field emission current was recorded for ZnO/ITO emitters. 

 

3.4 Field Emission Scanning Electron Microscopy 

The FESEM images in Figure 1 show the surface morphology of a large area 

array of ZnO nanowires grown over ITO coated conducting glass substrates. The 

hexagonal ZnO nanowires are confined to the limited range of diameter (< 180 nm). 

The well-separated nanowires with clearly visible textural boundaries were of average 

body diameter of ~ 120 nm and ~ 5-6 μm long (Figure 3.1(a). These distinct ZnO 

nanowires were well arranged in the hierarchical form, which appeared like the forest 

of well separated and periodically arranged trees (Figure 3.1(a)), to deliver the highly 

porous thin films of thickness ~ 1300 nm (Figure 3.1(b)). The close examination of 

the ZnO nanowires array revealed the curtailing of the hexagonal facets at its tip, which 

resulted in the formation of spitzer shaped truncated/pointed tips (Figure 3.1(c)). 

Utmost spitzer shaped ZnO nanowires with truncated tips were of a diameter of less 

than ~ 30 nm (Figure 3.1(c)). The spitzer shaped truncated tip construction of ZnO 

nanowires are expected to govern the enhanced FE behaviors. The electronic structure 

and chemical properties of spitzer shaped ZnO nanowires were confirmed from XPS 

investigations. 
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Figure 3.1 FESEM images are showing (a) top view, and (b) side view of a large area 

array of ZnO nanowires with (c) spitzer shaped morphologies grown on ITO coated 

glass substrate. 

 

3.5 X-ray Photoelectron Spectroscopy 

Figure 3.2 shows the high-resolution XPS spectra of the Zn(2p) core level of 

ZnO nanowires. The perceptible double peaks feature of Zn(2p3/2) and Zn(2p1/2) 

located at a binding energy of 1020.88 (± 0.1) and 1043.98 (± 0.05) eV, respectively, 

represents the core level of Zn2+ cations [5,25]. The estimated energy separation of 
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23.1 eV assigned to ZnO and not metallic Zn [26] was maintained between Zn(2p) 

core levels of spitzer shaped nanowires. 

 

Figure 3.2 High-resolution XPS spectra of the Zn(2p)) core levels of spitzer shaped 

ZnO nanowires. 

 

3.6 Field emission measurements 

The FE measurements of the spitzer shaped 1D ZnO nanowires (≡ 1D 

ZnO/ITO) were performed in the planer diode configuration. The emitting device with 

an emission area of ~ 0.30 cm2 was maintained with the anode-cathode separation of 

1500, 2000, and 2500 µm. The applied electric field (E) dependent variation in the 

electron emission current density (J) (i.e., J-E plot) of ZnO/ITO emitters is shown in 

Figure 3.3(a). Although spitzer shaped ZnO nanowires are periodically arranged in the 

form of trees, their random orientation leads to treating the applied electric field (E = 

V/dsep) as the average field and not a uniform field between the electrodes separated 

by the distance dsep. The spitzer shaped ZnO nanowires (≡ ZnO/ITO) were subjected 

to electron field emission at the separation of 1500, 2000, and 2500 µm to confirm the 

optimized field emission behavior. The large emission current density of 572 µA/cm2, 

lower threshold field (Ethr) of 1.9 V/µm, and lower Eon of 1.56 V/µm were observed at 

2000 µm. Although the lowest Eon (1.16 V/µm) was observed at the separation of 2500 

µm, the emission current density was decreased significantly to 198 µA/cm2. The Eon 

observed for these spitzer shaped truncated tips ZnO nanowires array is much lower 

than that reported for ZnO nanorods grown on Si substrate using PLD (i.e., 2 V/µm) 
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[6], ZnO nanopillers grew by vapor transport deposition (i.e., 3.15 V/µm) [27], ZnO 

nanorods and nanodisk network (i.e., 4.8 and 2.6 V/µm, respectively, reported at 1 

µA/cm2) [7], ZnO nanoneedles (i.e., 2.4 V/µm) and bottle like nanorods (i.e., 4.6 

V/µm) fabricated using vapor phase growth [8], ZnO agave like (i.e., 2.4 V/µm) and 

pencil-like (i.e., 3.7 V/µm) nanostructures grown on amorphous carbon [9], nitrogen 

implanted ZnO nanowires (i.e., 2.4 V/µm at the current density of 0.1 µA/cm2) [11], 

metal (Ag/Pt/Au) loaded ZnO nanorods (i.e., 1.9 and 2.6 V/µm, respectively) [28], 

CuO nanoplates (i.e., 6.7 V/µm) [3], ZnO nanotetrapods scree-printed on carbon 

nanofiber buffered Ag (i.e., 6.7 V/µm defined at 0.1µA/cm2) [29], and brookite TiO2 

[2,30]. C-axis oriented ZnO nanocones were expected to deliver better field emission 

because of the tapered cone-like morphology. Nevertheless, the Eon obtained at a very 

low current density of 0.1 µA/cm2 was restricted to 2.57 V/µm might be due to the 

very low areal density of ZnO nanocones [22]. Dense morphology reported as 

hexagonal flowerlike ZnO nanowhiskers delivered Eon of 2.2 V/µm (at a current 

density of 0.1 µA/cm2) might be due to the diameter of whiskers limited to 300 nm 

[31]. The n-type Nitrogen [32] or H-plasma [33] treated ZnO nanowires did not 

improve the Eon beyond 2.1 V/µm. Furthermore, Sugavaneshwar et al. [34] have 

reported enhancement in the field emission of branched ZnO nanostructures than 

simpler nanostructures such as nanowire, nanorods, etc., but the actual values of Eon 

were not stated. Although, Chang et al. [27] have reported enhancement in the FE 

properties of ZnO nanopillars after decorating Au nanoparticle along the surface, the 

minimum Eon of ZnO nanopillars limited to the 3.15 V/µm was further reduced to 2.65 

V/µm (after Au decoration) owing to the larger diameter and flat top of the ZnO 

nanopillars (i.e., ~ 200 nm). Additionally, the selective patterning of ZnO nanorods 

achieved Eon of 2.85 V/µm [35]. The possible reasons behind such higher turn-on 

values are the flat tips, nonuniform morphologies, uneven distribution, and the larger 

diameter of the 1D ZnO structures. Moreover, emission current density of 572 μA/cm2 

attained at lower applied field of 2.34 V/µm for ZnO nanowires (≡ ZnO/ITO) is 

reasonably higher than that reported for pristine and Al-doped ZnO nanostructures 

(i.e., ~ 4 µA/cm2, ~ 3 µA/cm2, respectively) [14], C (i.e., 16 µA/cm2) [16], and In (i.e. 

1.5 µA/cm2) [17]. On the contrary, pristine ZnO and Mg-doped ZnO nanostructures 
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have drawn slightly better emission current (i.e., 0.8 to 3.2 mA/cm2) at the pretty 

higher applied field of 9.2 V/µm [15]. 

The reduction in the work function enhances the FE properties. Therefore, 

Ultraviolet Photoelectron Spectroscopy (UPS) was utilized to estimate the work 

function of ZnO/ITO emitters. The UPS spectra recorded for the ZnO nanowires array 

at an energy of 23 eV is shown in figure 3.3(b). Two distinct peaks in the VBS of ZnO 

nanowires, located at higher and lower binding energy, are assigned to the 

hybridization of the O(2p) and Zn(4s) orbitals and nonbonding O(2p) orbitals, 

respectively [36]. Moreover, the work functions of ZnO emitters is estimated from the 

equation [37] 

∅𝑍𝑛𝑂 = ℎ𝜔 − |𝐸𝑠𝑒𝑐 − 𝐸𝐹𝐸| --(3.1) 

Where, hω is the energy of the source utilized (≡ 23 eV), Esec is the onset of the 

secondary emission, and EFE is the Fermi edge. The spitzer shaped truncated tip 

appearance of ZnO nanowires resulted in reduced work-function of 4.9 eV (i.e., ΦZnO) 

than that of ZnO nanostructures such as nanorods and nanowires [10,14], oxygen 

plasma-treated ZnO (i.e., 5.5 eV) [33], Ag decorated ZnO nanorods (i.e., 4.7 eV) [10], 

and Au faceted oxygen-deficient ZnO nanostructures [24]. In the present case, the 

reduction in the work-functions believes to have come from the spitzer shaped 

truncated tip enhanced FE behavior of ZnO nanowires. 

A modified Fowler−Nordheim (F−N) equation (i.e., Eq. 3.2) is used to 

substantiate the variation in the emission current density of ZnO/ITO emitters subject 

to the applied field, 
3/2 

𝐽 = 𝛼 𝑎𝛷−1𝐸2𝛽2 𝑒𝑥𝑝 (− 
𝑏𝛷 

𝜈 
 

) --(3.2) 

𝑓 𝐹𝐸 
𝛽𝐹𝐸𝐸 𝐹 

Where, J is the average FE current density of the device, αf is a macroscopic pre- 

exponential correction factor, a and b are constants (a = 1.54 × 10-6 AeV/V2, b = 

6.83089 × 103 eV-3/2 V/μm), Φ is the work function of the emitter (i.e., ΦZnO = 4.9 eV), 

E is the average applied electric field, βFE is the local electric field enhancement factor, 

and νF is the correction factor also known as a specific value of the principal Schottky- 

Nordheim barrier function ν. Due to the random alignment of ZnO nanowires 

confirmed from FESEM images (Figure 3.1), the emission surface of ZnO/ITO 

emitters is treated to be rough. 
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Figure 3.3 Field emission (a) J–E curves and (c) F-N plots obtained from J–E curves, 

and (b) UPS valence bands spectra, measured for spitzer shaped ZnO nanowires. The 

inset in figure (b) shows magnified valence bands spectra at a higher binding energy 
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Therefore, applied and local electric fields at emission sites (i.e., ZnO) differ 

from each other, and their ratio is identified as the βFE. A plot of ln{J/E2} versus (1/E), 

accepted as F-N plot, is illustrated using equation (3.3), and the field enhancement 

factor (βFE) is estimated from equation 

𝛽𝐹𝐸 = 
−𝑠𝑏𝛷3⁄2 

𝑆 
---(3.3) 

Where, s (= 0.95), the slope correction factor for the Schottky-Nordheim barrier is 1 

in the present case, for simplicity. 

The F-N plots for pristine ZnO/ITO emitters determined at various anode- 

cathode separations are shown in Figure 3.3(c). The distinct F-N plots as ascribed to 

the well-defined band alignment of nanowires morphology of ZnO. The optimized 

anode-cathode separations in pristine ZnO/ITO emitters have tailored the values of 

βFE. The βFE values estimated for ZnO/ITO emitters at the anode-cathode separation 

of 1500, 2000, and 2500 μm are 3089, 3924, and 4760, respectively. These estimated 

values of βFE for ZnO/ITO emitters are more significant than the reported values of 

ZnO nanostructure array with nanoneedle, nanocavity, and bottle-shaped 

morphologies [8], hierarchical and pencil-like ZnO nanostructures self-assembled on 

amorphous carbon [9], ZnO branched nanostructures [34], density controlled ZnO 

nanopillar arrays [19], tapered ZnO nanorods growth on Fe and Cu electrode [38], 

metal-doped ZnO nanowires [14,15,17] composites of Carbon-ZnO [39], and 

MoS2@ZnO nano-heterojunctions [40]. Bae et al. [22] revealed a field enhancement 

factor of 2216 for ZnO nanocones, which was not improved after tailoring the density 

of nanocones in the emission area. Sugavaneshwar et al. [34] tailored vapor phase 

transport to synthesize ZnO nanostructures in the form of wires and branches, but their 

larger diameter restricted the βFE values in the range of 1129 to 3985. Although, Naik 

et al. [41] and Xiao et al. [42] have reported larger values of βFE for ZnO nanosheets 

and nanotowers, respectively, the orthodoxy test knows to authenticate such values 

was not performed in support of it. The practicality of the FE measurements and βFE 

of ZnO/ITO emitters was confirmed by performing the orthodoxy test utilizing the 

spreadsheet provided by Forbes in the reference [43]. The scaled-barrier-field (f) 

values estimated for all cathode-anode separations in ZnO/ITO emitters are given in 

Table. 3.1 
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Table 3.1. Scaled-Barrier-Field (f) values estimated from F-N plots for ZnO nanowires 

(i.e., ZnO/ITO) emitters using the spreadsheet from Reference [43] 

Materials Separation (µm) flow fhigh Orthodoxy test result 

 
ZnO nanowires 

1500 0.29 0.47 Pass 

2000 0.24 0.44 Pass 

2500 0.26 0.50 Pass 

 

The emission situation is orthodox throughout all cathode-anode separations 

of ZnO/ITO emitters for the lower (flow) as well as higher (fhigh) Scaled-Barrier-Field 

(f) values. The hexagonal ZnO nanowires with clearly visible textural boundaries 

revealed reasonable emission behavior for all maintained anode-cathode separations. 

The unique morphological features of ZnO nanowires, such as hexagonal morphology, 

individual dispersion, spitzer shaped truncated tips, and very sharp pointed tips, have 

resulted in low Eon and large βFE values for ZnO/ITO emitters. 

This emission behavior can be more detailed from the band alignment of ZnO 

(Figure 3.4(a)). In the present case, owing to the unique morphological features, the 

work function of ZnO nanowires (i.e., 4.9 eV) has been reduced than that of reported 

values (i.e., 5.5 to 5.2 eV) [6-9]. The reduced ΦZnO provides a significantly smaller 

barrier for the emission of an electron. Therefore, the FE behavior enhancement is 

expected along with lower Eon and higher values of βFE. In the ZnO/ITO emitters, the 

electrons from the conduction band or its nearest states contribute to field emission. 

Moreover, at an applied electric field, energy band bending generates energy well at a 

depleted region, where a large number of electrons accumulate and abruptly emits in 

larger quantity due to relatively lower ΦZnO (Figure 3.4(a)). 

Stable Field electron emission (i.e., current) is one of the prerequisites for 

utilizing the materials to fabricate FE displays and related applications. Figure 3.4(b) 

shows the FE stability of ZnO/ITO emitters. The emission current (I) at an applied 

voltage of 10 µA, assigned as Eon, was considered to confirm the stability of ZnO/ITO 

emitters. A negligible amount of current fluctuation (i.e., an average of ± 5 %) was 

observed even after continuous emission for 180 min. These spitzer shaped 1D ZnO 

nanowires exhibited considerable stable and improved electron emission than that of 
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gold nanoparticle decorated ZnO nanopillars [27], monolayer graphene supported by 

well-aligned ZnO nanowire arrays grown on Si substrate [44], seed layer assisted ZnO 

nanorods [45], ZnO nanowires derived after annealing gold deposited Zn substrate at 

400 oC [46], and ZnO multipods, submicron wires and spherical structures obtained 

by vapor deposition [47]. The exclusive participation of sharp tips of ZnO nanowires 

as emitters conceivably enhanced the emission ability. 

 

Figure 3.4 (a) Schematic band alignment of pristine spitzer shaped ZnO nanowires 

and (b) Field emission current stability (I−t) plot of D ZnO nanowires 

 

3.7 Conclusions 

In conclusion, the large area array of stoichiometric and individual dispersed 

1D hexagonal ZnO nanowires of spitzer shaped truncated, and very sharp pointed tips 

synthesized on ITO coated glass substrates; resulted in a smaller work-function of 4.9 

eV, which consequently delivered significantly smaller Eon of 1.56 V/µm, field 

enhancement factor of 3924, and stable electron emission (i.e., average current 

fluctuations of ± 5 %). The orthodoxy test confirmed the feasibility of spitzer shaped 

ZnO nanowires for utilization in the vacuum based micro/nano-devices such as flat- 

panel displays and intense point electron source. Moreover, the ZnO nanowires hold 

capabilities to reduce the work-function further and improve the electron emission, as 
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well to expand other functionalities for various applications after controlled designing 

of nano-hetero-architecture with metals or high conducting materials. 
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Chapter 4 

Gas sensing of ZnO nanostructures 

 
 
 
 
 
 
 
 
 

This chapter presents the surface morphology, structural, and 

elemental analysis using FESEM, XRD, RAMAN, EDS, and 

XPS of the hexagonal ZnO nanowires. The Ammonia, Ethanol, 

and Carbon monoxide gases were tested to confirm the sensing 

performance of ZnO nanowires at room temperatures in the 

detection safety limit. Finally, the experimental observations 

are correlated with DFT analysis. 
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4.1 Abstract 

The well-constituted hierarchical arrangement of hexagonal ZnO nanowires of 

diameter ˂ 180 nm and length of ~ 5-6 μm with clearly visible textural boundaries 

provided a highly porous film thickness of ~ 1300 nm over a large area. The ZnO 

nanowires delivered excellent sensing performance for CO, C2H5OH, and NH3, 

reducing gases in the detection safety limit of 50 ppm at operating temperatures of 100 

oC. The maximum response of 115 % and the response and recovery time of 27 and 9 

sec, respectively, was recorded for toxic 50 ppm NH3 gas at the operating temperature 

of 100 ⁰C, which is better than the previously reported performance of various pristine 

and doped ZnO nanostructures. The experimental observations are corroborated by 

first-principles density functional theory (DFT) calculations performed to unravel the 

reactivity of the gas molecules with hexagonal ZnO nanowires. The expedited sensing 

response is ascribed to the larger potential barrier offered by the well-interconnected 

hierarchical growth of hexagonal ZnO nanowires. 

 

4.2 Introduction 

In the recent era, smart technologies are asking for the advancement to address 

safety and security concerns on high priority. The enormously grown industrialization 

for elegance lifestyle has impaired the human and environmental health owing to the 

exhaust of hazardous gases and chemical compounds. Moreover, the dangerous 

condition of global warming is demanding the early monitoring of air quality and 

detecting toxic and explosive gases to govern the detrimental effect on human life and 

environmental health. The controlled monitoring of harmful gaseous byproducts is 

required urgently. The involvement of largely generated poisonous carbon monoxide 

in climate change and the detrimental influence of explosive ethanol (C2H5OH) and 

highly toxic ammonia (NH3) on health has asked for immediate detection and 

monitoring. The nontoxic metal oxides delivering excellent electronic mobility along 

with thermal and chemical stability are competent candidates to assist in this purpose 

but suffered for selectivity and sensitivity of various gases. The gas sensing 

mechanism, which involves the gas-solid interaction at the surfaces, can be improved 

by providing the largest active surface area at nanoscale dimensions. Recent gas 
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sensing approaches have shown that the sensing properties of metal oxides can be 

significantly enhanced by controlling the nanostructure surface morphologies [1-2]. 

The gas sensing performance of various metal oxides such as SnO2, In2O3, TiO2, WO3, 

α-Fe2O3, and ZnO in diverse morphological form has been investigated [1-4]. These 

metal oxides challenge researchers to improve sensing mechanisms due to their higher 

working temperature, low sensitivity, poor selectivity, short-term stability, and 

durability. However, widely explored ZnO, an n-type semiconductor with a large 

bandgap, greater electronic mobility, and ultimate chemical and thermal stability in 

nanosize hold good competency for further improvement in sensing ability [4-5]. Even 

though the crystal structure, surface morphology, chemical composition, and operating 

temperature governs the sensing performance of ZnO nanostructures, the doping of 

Ag [6], Al [7], Co [8], Cu [9], Fe [10], Mn [11], Pd [12], Pt [13], and Ta [14], etc., 

metals in ZnO was adopted to enhance the electronic properties for improvement in 

gas sensing performance. However, among all explored ZnO nanosize morphologies, 

one dimensional (1D) nanostructure delivers a large surface to volume ratio, and a 

continuous electron transfer pathway [4, 15-17] facilitates gas molecule adsorption 

and prompt electronic transportation in one dimension. 

The working temperature monitors the reaction kinetics, conductivity, and 

electronic movements, which explicitly control the sensing activity of ZnO 

nanostructures [18-19]. Even though the surface redox reaction activates at prominent 

temperature and boosts the reaction kinematics for sensing activity, the ZnO 

nanostructures have shown prominent gas sensing performance at relatively high 

temperatures in the range of 300 to 500 oC [20]. These high working temperatures, 

however,-induce secondary grain growth, cause instability, inaccuracy, high power 

consumption, and lack of durability in the sensing mechanism. Therefore, reducing the 

operating temperature range of ZnO nanostructures is a critical challenge. Significant 

efforts in developing lower working temperature based ZnO gas sensors are 

prerequisites in light of safety concerns for the flammable and toxic gases. ZnO based 

sensors have detected CO, NH3, C2H5OH, NO2, C6H6, H2S, etc., gases, but the prompt 

and high sensing responses were achieved merely at high working temperatures due 

to thermal excitation driven increase in the surface electrons. Albeit the significant 
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effect of the number of grains between interelectrode gaps on the response of ZnO 

nanorods and nanoparticles, the maximum response for 50 ppm NO2 gas (i.e., 44.2) 

was observed at the temperature of 300 oC [21]. Moreover, the hierarchical hollow 

ZnO microspheres delivered a maximum response at a lower temperature of 275 oC 

for various C2H5OH concentrations (8 for 100 ppm) [22]. The randomly aligned ZnO 

nanowires on patterned ZnO:Ga/SiO2/Si template delivered maximum sensor response 

(22.5 %) at 300 oC for 1000 ppm NH3 gas, improved further to 36 % (@ 1000 ppm) 

after heavy loading of Pt nanoparticles [23]. Recently, Colak et al. [24] have observed 

improvement in the CO2 sensing ability of ZnO nanorods after doping Ge, Nd, and W 

in a lower proportion. Still, the maximum sensing response was observed at a very 

high temperature of 450 oC. Moreover, hierarchical ZnO nanostructures delivered best 

gas response (i.e. Ra/Rg = 177.1) for 100 ppm C2H5OH at 450 oC than the room 

temperature (i.e. Ra/Rg = 24.7) [24]. Nevertheless, to the best of our knowledge, ZnO 

nanostructures have yet to deliver the best performance at a temperature below 150 oC 

for sensing CO, C2H5OH, and NH3 gases for possible applications in wearable sensors. 

Therefore, here we demonstrate the gas sensing performance of ZnO nanowires 

at lower operating temperatures. The comparative studies illustrate that ZnO 

nanowires synthesized by a cost-effective hydrothermal technique delivered the best 

sensing performance for CO, C2H5OH, and NH3 gases at a relatively lower operating 

temperature of 100 oC. The sensor response of 29, 98, and 115 % was observed for 

CO, C2H5OH, and NH3 gas, respectively, at the operating temperature of 100 ⁰C. 

Furthermore, the response and recovery time of 27 and 9 sec, was recorded for toxic 

NH3 gas at the temperature of 100 oC, indicating the faster response of ZnO 

nanowire to 50 ppm NH3 gas. Furthermore, experimental observations are validated 

with electronic structure DFT calculations performed to systematically characterized 

the reactivities of CO, C2H5OH, and NH3 gas towards the hexagonal ZnO nanowires. 

4.3 Experimental section 

4.3.1 Synthesis and characterization 

The large area array of ZnO nanowires were synthesized using the 

hydrothermal technique. The reaction of zinc acetate dihydrate (C4H6O4Zn.2H2O) 
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and sodium peroxide (Na2O2) was carried out in the autoclave at an optimized 

temperature of 85 oC for 12 h to grow the ZnO nanowires over ITO coated glass 

substrates hydrothermally. The synthesis protocol of ZnO nanowires is akin to 

that reported in Chapters 2 and 3. The surface morphological features of ZnO 

nanowires were substantiated from field emission scanning electron microscopy 

(FESEM, JEOL, JSM 7610 F Plus). The crystal structure was analyzed using an 

X-ray diffractometer (D8 Advance, Bruker AXS) with Cu kα radiations (λ = 

15405 Å), and micro-Raman spectrometer (Renishaw system InVia) with 532 nm 

incident photons from a diode-pump solid-state laser operated at a minimum 

power of 17 mW. The gas-sensing performance of ZnO nanowires was measured 

in a home-built setup [26]. The sensing measurements were performed after 

exposing the different amounts of reducing gases such as CO, C2H5OH, and NH3 

gases. Considering gas adsorption and desorption diffusion are thermally 

activated processes, the gas sensing performance of ZnO nanowires is related to 

the sensing temperature to identify optimal working/operational temperature. The 

sensing behavior was determined for various gas concentrations (i.e., 10, 20, 50, 

100 ppm) at different operation temperatures ranging from 30 (R.T.) to 150 oC by 

measuring the change in the ZnO nanowires resistance in air and gas environment. 

The gas sensing response (S %) for the reducing gases is estimated from, 

𝑆(%) = (𝑅𝑎𝑖𝑟 − 𝑅𝑔𝑎𝑠 )/𝑅𝑔𝑎𝑠 × 100 --(4.1) 

 
where, S (%) is sensor response, and Rair and Rgas are the resistance of sensor 

material in the air and gas environment, respectively. The response and recovery 

time are estimated at 90 % of the maximum and minimum resistance value 

observed for ZnO nanowires, respectively, during gas sensing studies [27]. 

 

4.3.2 Computational analysis 

The electronic structure density functional theory (DFT) calculations were 

performed using the Vienna Ab initio Simulation Package (VASP) [28], wherein 

the interactions between the core and valence electrons were treated using the 

Project Augmented Wave (PAW) method [29]. The electronic wave functions are 

expanded on a plane-wave basis set with a cutoff energy of 600 eV. Geometry 
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optimizations were performed using the conjugate-gradient algorithm until the 

residual Hellmann–Feynman forces on all relaxed atoms reached 10−3 eV/Å. The 

electronic exchange-correlation potential was calculated using the Perdew– 

Burke–Ernzerhof (PBE) generalized gradient approximation (GGA) functional 

[30]. Long-range vdW interactions were accounted for using the method of the 

Grimme DFT-D3 scheme [31]. The bulk ZnO was modeled in the hexagonal 

wurtzite phase with a 7×7×5 Monkhorst-Pack k-point mesh used to sample the 

Brillouin zone. The screened hybrid functional HSE06 [32] was used with the 

exchange value of 25 % to predict the bandgap accurately. The (101̅0) surface is 

generally predicted to be the most stable surface of ZnO [33,34] and expected to 

be the most expressed and abundant facet in the ZnO nanocrystals. The ZnO (101̅0) 

surface has been used in previous studies to characterize the interaction of NO2, 

NO, O, and N species. Therefore, ZnO (101̅0) surface is preferred in the present 

study to describe the adsorption reactions of CO, C2H5OH, and NH3 gas 

molecules. METADISE code [40] was utilized to ensure the creation of non- 

dipolar stoichiometric surfaces from optimized bulk wurtzite ZnO [36]. The gas 

molecule adsorption calculations were carried out on a ZnO(101̅0)-(3x3) surface 

coverage, which is large enough to minimize lateral interactions between the 

molecules in neighboring image cells. No symmetry constraints were imposed on 

the   structural   optimization   of   the   gas–ZnO(10 1̅ 0)-(3×3)   systems,   and   in 

particular, the molecules are free to move away laterally and vertically from its 

initial binding site or reorient to find the lowest-energy adsorption configuration. 

A 3×3×1 k-point was used for the surface calculations. Bader charge analysis [37] 

was used to quantify any charge transfers between the ZnO(101̅0) surface and gas 

molecules. 
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4.4 Field Emission Scanning Electron Microscopy 
 

Figure 4.1. (a) FESEM image and (b) EDS of large-area arrays of ZnO nanowires 

grown on ITO coated glass substrates. High-magnification FESEM image in the inset 

of (a) shows the hierarchical growth of ZnO nanowires. 

 

Figure 4.1(a) illustrates the FESEM image of surface morphology of large-area 

arrays of ZnO nanowires grown on ITO coated glass substrates. High-magnification 

FESEM image in the inset of Figure 4.1(a) confirms that all hexagonal ZnO nanowires 

with clearly visible textural boundaries are confined to the diameter of ˂ 180 nm and 

length of ~ 5-6 μm. The well-constituted hierarchical arrangement of ZnO nanowires 

provided a highly porous ~ 1300 nm thick film over a large area. The surface 

morphological appearance of the hexagonal ZnO nanowires is detailed elsewhere [15]. 

The highly porous thin film of single-crystalline ZnO nanowires is expected to provide 

distinct gas sensing properties. The energy dispersive X-ray (EDX) spectra of ZnO 
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nanowires (Figure 4.1(b)) corroborates the presence of Zn and O elements in the array 

of hexagonal ZnO nanowires. The presence of In and Sn is confirmed with a small 

peak. Moreover, the presence of a relatively very tiny peak of C confirms the presence 

of a negligible amount over the surface of the ZnO nanowires array. X-ray 

photoelectron spectroscopy (XPS) confirms the formation of stoichiometric ZnO 

nanowires. The XPS analysis (not provided here) is very much aking to our studies 

reported earlier in Chapter 3 [15]. The phase purity and crystal structure of as-synthesis 

ZnO nanowires analyzed from X-ray diffraction (XRD) studies confirmed the growth 

of hexagonal wurtzite ZnO nanowires without any defect or impurity phase. Therefore, 

present hexagonal ZnO nanowires with a high degree of crystallinity are expected to 

enable better sensing response for hazardous and toxic gases like CO, C2H5OH, NH3, 

etc. 

 

4.5 Raman analysis 
 

Figure 4.2. Raman spectra of hexagonal ZnO nanowires 

 
The Raman scattering was performed at room temperature to investigate the 

vibrational properties of ZnO nanowires. Figure 4.2 shows five prominent Raman 

active bands, which are A1+E1+2E2 Raman active modes explained by group theory, 

where A1 and E1 are Raman and infrared active polar modes, and E2 is Raman active 

nonpolar mode. The Raman bands observed at 328, 373, 431, 530, and 576 cm-1 are 

assigned to the A1, A1, E2, A1, and E1 modes of wurtzite ZnO, respectively [38-40]. 
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The peak around 373 cm-1 ascribed to the transverse optical A1 mode resulted from the 

polarized A1 and E1 modes of vibrations. A highly intense Raman band at 431 cm-1 is 

assigned to the well crystallinity of hexagonal ZnO nanowires array [41]. The Raman 

band at 576 cm-1 corresponds to the E1 mode for the presence of oxygen vacancies and 

interstitial, and complexes of Zn [42]. However, relatively lower intensity indicates 

that ZnO nanowires exhibit a smaller amount of oxygen vacancies. Moreover, the red 

shifting of the Raman bands in ZnO nanowires (Table 4.1) than the other reported 

nanostructure morphologies and bulk wurtzite structure of ZnO indicate the phonon- 

confinement. This reconfirms that the hexagonal wurtzite ZnO nanowires grown on 

ITO coated glass substrates are well crystalline with the very minimum amount of 

oxygen deficiency. 

Table 4.1: The comparative parameters obtained from the Raman scattering spectra 

of hexagonal ZnO nanowires and ZnO nanowires (@Si) [38], micro-tubes [39], 

quantum dots [41], and bulk wurtzite structure [40] reported in the literature. 

 

Raman mode 

Morphology 

A1 A1 E2 A1 E1 Reference 

ZnO nanowires 328 373 431 530 576 Present work 

ZnO Nanowires/Si 332 - 436.5 - 583 [38] 

Δf(nanowires-nanowires/Si) -4  -5.6  -7  

ZnO micro-tubes 331 377 437 - - [39] 

Δf(nanowires-micro-tubes) -3 -4 -6    

ZnO quantum dots 348 - 440 - 576 [41] 

Δf(nanowires-quantum dots) -10  -9  0  

Bulk Wurtzite ZnO 333 378 438 536 590 [40] 

Δf(nanowires- bulk) -5 -5 -7 -6 -14  

 

4.6 X-ray Diffraction 

The phase purity and crystal structure of as-synthesis ZnO nanowires were 

analyzed from X-ray diffraction (XRD) studies. Figure 4.3 shows diffraction peaks 

located at 31.7⁰, 34.4⁰, 36.2⁰, 47.5⁰, 56.5⁰, 62.8⁰, 66.3⁰, 67.9⁰, 69.0⁰, 72.5⁰, and 76.9⁰ are well indexed 

to the (100), (002), (101), (102), (110), (103), (200), (112),  (201), 
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(004), and (202) crystalline plane, respectively, of hexagonal wurtzite phase of ZnO 

(JCPDS Card No. 76-0704) allotted to the space group of P63mc (lattice constants, a 

= b = 3.25 Å and c = 5.21 Å). The dominant peaks centered at 31.72⁰ and 36.20⁰ 

confirm the preferred growth orientations of the randomly aligned ZnO nanowires 

along the (100) and (101) directions. The greater thickness of ZnO nanowires has 

resulted in the untraceable diffraction peaks of the ITO thin film. This confirms the 

growth of hexagonal wurtzite ZnO nanowires without any defect or impurity phase. 

Therefore, present hexagonal ZnO nanowires with a high degree of crystallinity are 

expected to enable better sensing response for hazardous and toxic gases like CO, 

C2H5OH, NH3, etc. 

 

Figure 4.3. XRD spectra of large-area arrays of ZnO nanowires. 

 
4.7 Gas sensing measurements 

The temperature-dependent sensing performance of ZnO nanowires arrays was 

performed for various concentrations of CO, C2H5OH, and NH3, reducing gases. The 

optimized gas sensing performance is confirmed in resistive mode. Figure 4.4 shows 

the temperature-dependent real-time dynamic resistance response transients of ZnO 

nanowires for 10 to 100 ppm of CO. A sequential exposure of 10, 20, 50, and 100 ppm 

CO to ZnO nanowires maintained at room temperature (i.e., 30 oC) confirmed cyclic 

variation in the resistance. A similar trend is observed in the resistance variation when 

ZnO nanowires were maintained at a temperature of 50, 100, & 150 oC. The resistance 

of ZnO nanowires has reduced with increasing CO concentration, which further altered 
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with temperature variation. Figure 4.4 (b) illustrates the influence of temperature and 

CO concentration on the sensing response of ZnO nanowires, respectively. The 

sensing response of ZnO nanowires has improved with an increased concentration of 

CO from 10 to 100 ppm for all studied temperatures. Even though the best response 

was observed for 100 ppm, the compelling response was estimated for the 20 ppm CO. 

The best response of 17.4, 23.6, 31.6, and 28.3 % observed for 100 ppm CO, and the 

relatively compelling response of 11.5, 13.7, 30.3, and 20.2 % were observed for 20 

ppm CO, when ZnO nanowires were maintained at a temperature of 30, 50, 100 and 

150 oC, respectively. However, temperature influenced sensing response effectively 

for all the concentrations of CO. The response has improved with the increase in the 

temperature and reduced for higher temperatures beyond 150 oC after attending 

maximum response at 100 oC (Figure 4.4(b)). A fitted logarithmic plot between 

response (S %) and gas concentration (Figure. 4.4(c)) illustrates the gas detection limit 

of ZnO nanowires. The estimated detection limit for CO shows a progressive decrease 

of 3.57, 1.07, 1, and 1.02 ppm with increasing operating temperature from 30 °C to 

150 °C, respectively [43]. The highest response of 26.2, 30.3, 31.9, and 31.6 % were 

observed for 10, 20, 50, and 100 ppm CO (Figure 4.4(d)), respectively, at a 

temperature of 100 oC. The saturation of adsorption and desorption reaction processes 

might have resulted in a steady response above 50 ppm. The response and recovery 

time estimated at 100 oC is 25.0 and 17.5 Sec., 15.1 and 12.5 Sec. for 50 and 100 ppm 

CO, respectively, which is relatively better (Table 4.2). Furthermore, ZnO nanowires 

showed better sensing response at 100 oC for the 50 ppm CO by delivering a maximum 

response of 31.9 %. Hexagonal ZnO nanowires exhibit excellent and faster response 

in the detection safety limit for CO (i.e., ~ 50 ppm) for relatively very significantly 

lower temperature compared to pristine and metal-doped ZnO nanostructures listed in 

Table 4.2 
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Figure 4.4. (a) Time-dependent response-recovery behavior of ZnO nanowires with 

different concentration of CO gas at various operating temperatures (i.e., 30, 50, 100, 

and 150 oC) (b) Temperature-dependent response behavior of ZnO nanowires for 

different concentrations of CO gas, (c) CO concentration-dependent response behavior 

of ZnO nanowires for different operating temperatures. (d) The optimum sensing 

response of the ZnO nanowires sensor as a function of CO concentrations at the 

operating temperature of 100 oC. 

Table 4.2: The comparative summary of the response and recovery time of the ZnO 

nanostructure for CO gas. 

 
Morphology 

Response and 

recovery time 

(Sec.) 

Gas 

concentration 

Temp. 

(̊ oC) 
 

Ref. 

ZnO nanowires 15.1 and 12.5 50 ppm 100 Present 

work 

ZnO tetrapods ~ 55 and >100 50 300 [40] 
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ZnO nanowires 20 and 60 500 320 [45] 

ZnO nanoflowers 25 and 150 200 300 [46] 

Au adsorbed ZnO nanowires 40 an 80 50 350 [47] 

ZnO honeycomb structure ~180 and ~210 500 ppm 300 [49] 

 

Table 4.3: The comparative summary of the sensing performance of ZnO 

nanostructure-based CO gas sensors. 

Morphology Response Temperature 

(oC) 

Reference 

ZnO nanowires 31.9 % @50 ppm 100 Present work 

ZnO nanorods 2 % @ 50 ppm 350 [8] 

flower-like ZnO microstructures 3.8 % @200 ppm 400 [50] 

ZnO tetrapods and nanoparticles < 20 % @ 50 ppm 250 [44] 

ZnO nanowires by VLS method 1.5 % @50 ppm 250 [51] 

Co-doped ZnO nanorods 16 % @ 50 ppm 350 [8] 

Pd-ZnO thin film 7 % @1000 ppm 200 [54] 

Pt-ZnO nanosheets 3.57 % @ 50 ppm 180 [13] 

Al-ZnO nanoparticles 1.6 @50 ppm 300 [7] 

 

Likewise, Figure 4.5 shows temperature-dependent real-time dynamic resistance 

response transients of ZnO nanowires for 10 to 100 ppm of C2H5OH. A sequential 

assortment of 10, 20, 50, and 100 ppm C2H5OH at room temperature (i.e., 30 oC) 

confirmed cyclic variation in the resistance akin to that observed for CO gas. Similar 

behavior is observed at 50, 100, and 150 oC. The resistance of ZnO nanowires has 

reduced with increased concentration of C2H5OH, which is further altered after 

varying the temperature. Figure 4.5 (b) illustrates the influence of temperature and 

C2H5OH concentration on the sensing response of ZnO nanowires, respectively. The 

sensing response is influenced remarkably by the temperature for all concentrations of 

C2H5OH studied. The response has improved with an increase in temperature but 

decreased for higher temperatures (i.e., 150 oC) after attending maximum response at 

100 oC for all the C2H5OH concentrations. 
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Figure 4.5. (a) Time-dependent response-recovery behavior of ZnO nanowires with 

different concentration of C2H5OH gas at various operating temperatures (i.e., 30, 50, 

100, and 150 oC) (b) Temperature-dependent response behavior of ZnO nanowires for 

different concentrations of C2H5OH gas, (c) C2H5OH concentration-dependent 

response behavior of ZnO nanowires for different operating temperatures. (d) The 

optimum sensing response of the ZnO nanowires sensor as a function of C2H5OH 

concentrations at the operating temperature of 100 oC. 

The best sensing response for all the concentrations of C2H5OH is observed at 

the temperature of 100 oC. The response value of 55.7, 63.2, 101.9, and 82.8 % was 

observed for 10, 20, 50, and 100 ppm C2H5OH, respectively, at the temperature of 100 

o
C. The sensing response of ZnO nanowires has improved with an increased 

concentration of C2H5OH from 10 to 100 ppm, but reduced further for 150 ℃ C2H5OH 

independent of temperatures. The highest sensing response of 58.4, 73.7, 101.9, and 

86.9 % is observed at the temperature of 30, 50, 100, and 150 oC, respectively, after 
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exposing ZnO nanowires to 50 ppm C2H5OH. The reason for the reduction in the 

response at 150 ℃ C2H5OH is not well understood, but the saturation of adsorption and 

faster desorption reaction processes might be the origin. The detection limit of ZnO 

nanowire sensors for C2H5OH gas is estimated from the linear fitting of the log- log 

plot of response and gas concentration shown in Figure. 4.5(c). The detection limit of 

4.98, 1.34, 1.01, and 1.02 ppm was observed decreasing for the operating temperature 

from 30 to 150 °C, respectively. Moreover, the response and recovery time estimated 

for 50 ppm C2H5OH at 100 oC is 40.3 and 19.4 s., respectively, which is relatively 

more significant than ZnO nanorods (53 and 48 s for 50 ppm at 340 oC) [55]. Overall, 

ZnO nanowires showed better selectivity at 100 oC for the 50 ppm C2H5OH by 

delivering a maximum response of 101.9 % (Figure 4.5(d)). This sensing response of 

ZnO nanowires is very high at a relatively lower temperature compared to pristine, 

doped, and decorated ZnO nanostructures listed in Table 4.4. Moreover, ZnO 

nanowires delivered better responses than the values reported by Guo et al. [56] for 

ZnO nanowires (i.e., 3.7 % at 380 oC), which attended a value of 33.6 % (@ 380 oC) 

after functionalizing with Au nanoparticles. Wang et al. reported that the 

hydrothermally synthesized ZnO nanorods provided a maximum response of ~ 22 % 

for 50 ppm at 320 oC but not responded below 200 oC [55]. Even though, Al-doped 

ZnO nanostructure embedded in multi-microstructures has delivered a sensing 

response of ~ 40 % at 160 oC, the exceptionally high exposure of 3000 ppm C2H5OH 

is playing a significant role and strongly influencing this gain [57]. 

 

Table 4.4: The comparative summary of the sensing performance of ZnO 

nanostructure-based C2H5OH gas sensors. 

Morphology Response Temp. (oC) Reference 

ZnO nanowires 101.9 % @50 ppm 100 Present work 

ZnO nanoplates 23.3 %for 400 ppm 350 [58] 

hierarchical ZnO nanoflowers 30.4 %for 400 ppm 350 [58] 

sputtered ZnO film 6.2 % for 100 ppm 400 [14] 

ZnO nanorods 1.6 % for 50 ppm 350 [8] 

flower-like ZnO microstructures 3.5 % @ 50 ppm 400 [50] 
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vertically aligned ZnO nanorods 1.33 % for 500 ppm 260 [12] 

Ta doped ZnO thin film 9.8 % for 100 ppm 400 [14] 

Co-doped ZnO nanorods 1.85 % for 50 ppm 350 [8] 

TiO2 modified ZnO tetrapods ~ 20 % for 50 ppm 300 [44] 

Pd-nanoparticle decorated ZnO 

nanorods 

5.12 % for 500 ppm 260 [12] 

high density Pd-ZnO nanowires 44.5 % for 500 ppm 170 [59] 

 
 

Figure 4.6. (a) Time-dependent response-recovery behavior of ZnO nanowires with 

different concentration of NH3 gas at various operating temperatures (i.e., 30, 50, 100, 

and 150 oC) (b) Temperature-dependent response behavior of ZnO nanowires for 

different concentrations of NH3 gas, (c) NH3 concentration-dependent response 

behavior of ZnO nanowires for different operating temperatures. (d) The optimum 

sensing response of the ZnO nanowires sensor as a function of NH3 concentrations at 

the operating temperature of 100 oC. 

 

76 



Subsequently, ZnO nanowires arrays were subjected to NH3 gas sensing. 

Figure 4.6 shows the real-time dynamic resistance response transients of ZnO 

nanowires for a controlled NH3 atmosphere (i.e., 10 to 100 ppm) at various 

temperatures. Sequential exposure of 10, 20, 50, and 100 ppm NH3 gas atmosphere at 

room temperature (i.e., 30 oC) confirmed distinct variation in the resistance (Figure 

4.6(a)) akin to that observed for C2H5OH and CO gases. The resistance of ZnO 

nanowires has reduced with an increase in the NH3 gas concentration. A similar trend 

is observed for 50, 100, and 150 oC, besides the significant decrease in the resistance 

with a temperature change. Figure 4.6(b) illustrates the effect of temperature and 

concentration of NH3 gas on the sensing performance of ZnO nanowires, respectively. 

The sensing response is influenced by temperature irrespective of variation in the 

concentrations of NH3. The response has enhanced with temperature but decreased 

after attending maximum response at 100 oC for all the concentrations. The best 

response of 105.5, 109.7, 115.9, and 128.9 % was observed for 10, 20, 50, and 100 

ppm NH3, respectively, at a constant temperature of 100 oC. Moreover, the sensing 

response has increased with an increase in the NH3 concentration, irrespective of 

temperature. The higher sensing response of 71.0, 85.7, 128.9, and 103.5 % is observed 

after exposing ZnO nanowires to 100 ppm NH3 at the temperature of 30, 50, 100, and 

150 oC, respectively. However, ZnO nanowires have shown excellent response at 100 

oC irrespective of the concentration of NH3. The maximum response of 115.9 and 

128.9 % is observed at 100 oC for 50 and 100 ppm NH3, respectively (Figure 4.6(d)). 

The detection limit of 5.93, 1.02, 1.01, and 1.02 ppm was estimated for NH3 gas at the 

operating temperature of 30, 50, 100, and 150 °C, respectively. (Figure.  4.6(c)).  The  

estimated response  and recovery times at 100 oC are  18.3 and 

10.8 s, 20.7 and 13.5 s, for 50 and 100 ppm NH3, respectively, which is relatively 

better than various ZnO nanostructures reported in the literature. (Table 4.5) This 

confirms that ZnO nanowires deliver a relatively faster response to NH3 than the 

C2H5OH and CO gases. Moreover, hexagonal ZnO nanowires have delivered excellent 

response for NH3 gas at a relatively lower temperature (i.e., 100 oC) than the various 

pristine and metal-doped ZnO nanostructures mentioned in Table 6. Recently, 

Tharsika et al. [60] revealed the sensing response of 285 % toward 400 ppm NH3 at 
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400 oC for ZnO nanorods deposited over SnO2 thin film, but the reduction in the 

concentration of NH3 has enormously reduced the response. Li. et al. [61] reported the 

sensor response of 57.5 % for 600 ppm NH3 at 150 oC using ZnO nanoparticles, but it 

was reduced to 18 % for 50 ppm. 

 

Table 4.5: The comparative summary of the response and recovery time of the ZnO 

nanostructure for NH3 gas. 

Morphology Response and 

recovery time (Sec.) 

Gas 

concentration 

Reference 

ZnO nanowires 18.3 and 10.8 50 ppm Present 
work 

defect controlled ZnO nanorods 64 and 28 25 ppm [62] 

tapered ZnO nanostructures 49 an 19 25 ppm [62] 

Cu-doped ZnO 32 and 56 100 ppm [9] 

ZnO nanorods 351 and 125 1000 ppm [63] 

ZnO nanoparticles 660 and 160 600 ppm [61] 

Cd/Mg/Y doped ZnO 183/49 and 162/58 50 ppm [64] 

 
Table 4.6: The comparative summary of the sensing performance of ZnO 

nanostructure-based NH3 gas sensors. 

Morphology Response Temperature (oC) Reference 

ZnO nanowires 115.9 @ 50 ppm 

128.9 @ 100 ppm 

100 Present 

work 

Vertical ZnO nanorods ~ 5 % @ 100 ppm 150 [62] 

Tapered ZnO nanostructures ~ 85 %for 100 ppm 150 [62] 

ZnO nanorods 10.1 % @ 100 ppm 300 [63] 

ZnO nanoflowers 49.5 % for 50 ppm 250 [65] 

Fe doped ZnO thick film 75 % for 50 ppm 30 [10] 

Al monodoped n-ZnO < 10 % for 600 ppm 100 [66] 

AlN codoped p-ZnO < 20 % for 600 ppm 100 [66] 

AlAs codoped p-ZnO < 65 % for 600 ppm 100 [66] 

Al-doped ZnO nanoflowers 33 % for 75 ppm 190 [67] 
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Cu-doped ZnO nanoellipsoids 12.9 % for 100 ppm 100 [9] 

Mn-doped ZnO microspheres 8.9 % for 100 ppm 100 [11] 

Ag-doped ZnO nanoellipsoids 29.5 % for 100 ppm 150 [6] 

 

Figure 4.7. (a) histogram of the maximum sensor response and (b) variation in 

selectivity parameter (β) of ZnO nanowires sensor for 50 ppm CO, C2H5OH, and NH3 

gases at an operating temperature of 100 oC 

Figure 4.7 represents the histogram of the most effective sensing performance 

(Figure. 4,7(a)) and selectivity performance (Figure. 4.7(b)) of ZnO nanowires at the 

optimal working temperature of 100 oC for the CO, C2H5OH, and NH3 gases. The 

selectivity describes the ability of a sensor to differentiate a specific target gas from 
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other interfering gases. The selectivity parameter (β) is generally defined as [48] 

β=Sinterfering/Starget, where Starget and Sinterfering is the response of the target gas (NH3) and 

other gases (CO and C2H5OH), respectively. The estimated selectivity parameter is 

shown in Figure 6 (b). The value of β lies within the 0.24-0.88 range, where maximum 

values of 0.88 and 0.27 were obtained for 50 ppm concentration of C2H5OH and CO 

gases, respectively, at the optimum temperature of 100°C. The Hexagonal ZnO 

nanowires delivered the best response for detection safety limit (i.e., ~ 50 ppm) of all 

the studied gases at 100 oC, \ assigned to the deactivation of desorption and diffusion 

reaction processing, and inefficient adsorption and faster desorption below and above 

100 oC, respectively [51]. Moreover, the adsorption and desorption of oxygen species 

transform the resistance of ZnO nanowires with a rise in the temperature and 

dramatically control the response. Pristine ZnO nanostructures seldomly offered a 

perfect NH3 sensing performance, but at the higher temperature. Even though few 

studies have reported the sensing response of ZnO to NH3, the sensible response was 

obtained either at higher temperatures or after doping metals (Table 4.6). The ZnO 

nanowires in the present work have delivered the highest response for NH3 at 100 oC, 

which can be attributed to the well defined hexagonal morphology, clearly visible 

textural boundaries, single-crystalline nature, and well interconnections of the 

nanowires owing to the hierarchical arrangement. 

To gain further atomic-level insights into the gas sensing response of ZnO 

nanowires, we have performed first-principles DFT simulations of the adsorption 

reactions between CO, C2H5OH, and NH3  molecules and ZnO (101̅0) surface. Before 

investigating the adsorption reactions, the bulk ZnO was modeled in the hexagonal 

wurtzite phase with space group P63mc (no. 186), as shown in Figure 4.8(a). The fully 

optimized lattice parameters predicted of a = b = 3.275 Å and c = 5.284 Å were in 

excellent agreement with experimentally observed lattice parameters. The partial 

density of states (Figure 4.8(b)) reveals the valence and conduction band edges are 

dominated by O(2p) states with a small contribution from Zn(3d) states. The bandgap 

of 3.24 eV predicted from the screened hybrid HSE06 functional [68] is consistent 

with experimentally reported values for ZnO [4]. Considering the key role of surface 
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Figure 4.8. Ball and stick model of (a) optimized hexagonal wurtzite bulk ZnO, (b) 

the corresponding partial density of states (PDOS); (c) surface structure of oxygen 

covered (pink atoms) O2/(101̅0)-(3x3); (d-f) lowest-energy adsorption structures of CO, 

C2H5OH, and NH3, respectively. Colour code: light grey = Zn; red = O; black = C; 

blue = N; white = H, pink = Omol. 

 

oxygen species in the gas response process over ZnO surfaces, the adsorption of 

oxygen molecule on ZnO(101̅0) surface was first explored and found to preferentially 

adsorb dissociatively, as shown in Figure 4.8(c). Bader population shows that the 

dissociated O atoms gained 0.87 e– each from the interacting surface Zn sites resulting 

in the formation of 2O– species. The adsorption energy (Eads) of the gas molecules, 

which gives a measure of the strength of the gas–ZnO interactions, is calculated as Eads 

= Esurf.+gas – (Esurf. + Egas), where Esurf.+gas is the total energy of the surface and gas 

system in the equilibrium state, Esurf. is the total energy of the isolated oxygen covered 

O2/ZnO(101̅ 0)  surface  and  Egas   is  the  total  energy  of  the  isolated  gas  molecules. 

Accordingly, a negative value of Eads indicates exothermic and stable adsorption, 

whereas a positive value suggests unstable adsorption. The lowest-energy adsorption 

configuration of CO, C2H5OH, and NH3  gas molecules is shown in Figure 4.8(d-f). 
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The CO molecule released the least adsorption energy of –1.35 eV, compared to 

C2H5OH and NH3, which released adsorption energies of –1.87 and –2.11 eV, 

respectively, indicating that the order of binding strength as CO < C2H5OH < NH3. 

The stronger binding of NH3 is consistent with the observed higher maximum response 

from ZnO nanowires. From Bader charge analyses, the adsorption of CO, C2H5OH, 

and NH3, on the O2/ZnO(101̅0) surface demonstrate that the CO molecule acts as a 

charge acceptor, withdrawing 0.58 e− from the surface after adsorption, whereas 

C2H5OH and NH3 molecules act as charge donors, transferring approximately 0.02 and 

0.08 e− per gas molecule to the surface. 

 
4.8 Gas sensing mechanism 

4.8.1 Generalized gas sensing mechanism 

The gas sensing mechanism is surface dependent property but 

determined by the change in electrical properties of sensor materials after exposure 

to test gases environments. The resistance showed inverse behavior with 

temperature for n-type metal oxides; nevertheless, for ZnO, the adsorbed oxygen 

molecule is transferred in to oxygen ions such as O− ( below 100 oC) O- (100 to 

300 oC) and O2- (above 300 oC) by extracting free electrons at a certain 

temperature, which leads to an increase in the resistance [6, 11-12]. The adsorption 

of oxygen molecules arrests the conduction bond electron and reduces the density 

of conduction, forming a depletion layer on the surface of ZnO nanowires. After 

that, the depletion layer obstructs the charge, carries transportation, and leads to 

the change in the resistance of ZnO nanowires. The following equations explain 

this process of oxygen ion formation- 

𝑂2(𝑎𝑑𝑠) + 𝑒− → 𝑂−(𝑎𝑑𝑠) --(4.2) 

𝑂2(𝑎𝑑𝑠) + 2𝑒− → 2𝑂−(𝑎𝑑𝑠) --(4.3) 

𝑂−(𝑎𝑑𝑠) + 𝑒− → 𝑂2−(𝑎𝑑𝑠) --(4.4) 

When the reductive gases like CO, C2H5OH, and NH3 are introduced into 

the chamber, the amount of gas adsorption and reaction rate increase with 

increasing temperature. However, the gas adsorption rate becomes close to the gas- 

desorption rate at 100 oC and delivered maximum sensor response. Above 100 oC, 

 

 

82 



ads 

reduced sensor response indicates the decrease in the quantitative adsorption of 

gases. Hence, the possible gas reaction with altering the resistance of hexagonal 

ZnO nanowires are as follows [52,53]. 

𝐶𝑂 + 𝑂− → 𝐶𝑂2(gas) + 𝑒− --(4.5) 

 
𝐶2𝐻5𝑂𝐻 + 6𝑂− → 2𝐶𝑂2 + 3𝐻2𝑂 + 6𝑒− --(4.6) 

 
2𝑁𝐻3 + 3𝑂− → 3𝐻2𝑂 + 𝑁2 + 3𝑒− --(4.7) 

 
Thus, NH3 reacts with adsorbed oxygen ions along the surface of ZnO 

nanowires after exposure, releasing the captured electrons and reducing the 

potential barrier and thickness of the space-charge layer. This consecutively 

decreases the resistance, and hence gas sensing performance increased. 

Furthermore, reducing NH3 gas influence the width of the space charge region by 

discharging extra electrons during the interaction and decreasing the resistance [6]. 

 

Figure 4.9. Schematic diagram representing the sensing mechanism of vertically 

growth ZnO nanorods (left panel) and hierarchically grown ZnO nanowires (right 

panel). 

 

This phenomenon largely depends on the total surface area accessible for 

the interaction of gas molecules and expedited by textural (or grain) boundaries 

contributing as a resistive barrier. The high resistance in the present hexagonal 

ZnO nanowires array is assigned to a larger number of grain boundaries and 
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contacts established between ZnO nanowires. The corresponding schematic 

diagram is shown in Figure 4.9. Vertically grown individual nanowires (Left panel, 

Figure 4.9) restricted total surface area and potential barriers (i.e., grain boundaries 

and point contacts). Therefore, most of the electrons from ZnO nanowires directly 

flow with ease to the electrode. However, hierarchically arranged ZnO nanowires 

(right panel, Figure 4.9) furnished a relatively much larger surface area and more 

potential barriers (i.e., grain boundaries and point contacts). Most of the electrons 

need to flow across the grain boundaries and transfer through the point contacts 

established in the hierarchical arrangement. Hence, the electron suffers a larger 

barrier before reaching the electrode, expedite the gas sensing mechanism. As a 

result, present ZnO nanowires have provided a higher response at a relatively lower 

temperature than the various ZnO nanostructures reported in the literature. 

 

4.8.2 Sensing mechanism for NH3 gas 

The sensing response of ZnO nanowires has increased up to 100 °C and 

then decreased with an increase in temperature. The temperature-dependent 

response of the ZnO nanowires can be ascribed to the operating temperature. 

Moreover, the literature illustrates that O2 (oxygen molecules) generally 

physisorbed on the metal oxide surface at low temperature (> 100 °C) and form 

O2
- (ads) ions but at moderate (100-300 °C) and high (< 300 °C) temperature the 

chemisorption results in to O- and O2- ions respectively [6, 26, 69]. Therefore, after 

exposing ZnO with reducing gas like NH3 at moderate temperature, the oxygen 

species interact with NH3 molecules to release the electrons to the conduction band, 

which can be given by the reaction 

4𝑁𝐻3 + 3𝑂− → 6𝐻2𝑂 + 2𝑁2 + 3𝑒− --(4.8) 

These free electrons are given back to the conduction band of ZnO and 

result in an increase in carrier concentration. This leads to a decrease in the 

electrical resistance of the ZnO nanowires in the ammonia environment. However, 

the possible reaction at high temperature (> 100 oC) is 

2𝑁𝐻3 + 3𝑂− → 3𝐻2𝑂 + 𝑁2 + 3𝑒− --(4.9) 

The above redox processes confirm that four NH3 molecules react with three 

O− to release 3 electrons (i.e., eq. 4.8), while at temperature > 100 oC, two NH3 
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molecules are sufficient to react with O−. However, the mechanism of interactions 

becomes more complicated at temperatures > 100 °C in the ammonia environment due 

to the presence of many types of adsorbed species on the surface in atomic and 

molecular forms [70]. There is a possibility of formation of NOx in the presence of 

oxygen species as represented below, 

4𝑁𝐻3 + 5𝑂− → 6𝐻2𝑂 + 4𝑁𝑂 + 5𝑒− --(4.10) Or 

2𝑁𝐻3 + 4𝑂0 → 3𝐻2𝑂 + 𝑁2𝑂 + 8𝑒− - --(4.11) 

2𝑁𝐻3 + 3𝑂0 → 3𝐻2𝑂 + 2𝑁𝑂 + 10𝑒− --(4.12) 

In such formation of oxidizing NOx, the thickness of the depletion layer 

increases, and hence the electrical resistance of metal oxides increases [66]. However, 

the decrease in the electrical resistance (Table 4.7) in the ammonia environment rules 

out the formation of NOx and gas sensing mechanisms related to it. Thus, our 

experimental conditions propose the formation of N2 only and not NOx by the reaction 

on NH3. 

We had also observed variation in sensor resistance values in the air when the 

ZnO sample was subjected to different temperatures from 30 °C to 150 °C. The change 

in the resistance values of ZnO is provided in Table 4.7. These values are in kilo-ohm 

(i.e., kΩ), but actual resistance values are in mega-ohm (i.e., MΩ). Therefore, this 

change in the resistance is not visible in the figures. 

Table 4.7. The change in the resistance of ZnO in different gas environments to air 

resistance. The observed resistance values were in kilo-ohm (i.e., kΩ), and during gas 

sensing measurement, the resistance values observed were in mega-ohm (i.e., MΩ). 

Therefore, this change in the resistance is not visible in the figures. 

Operating Temperature 

Gas 

50 °C 100 °C 150 °C 

Resistance (kΩ) 

NH3 33.16 44.44 29.61 

C2H5OH 128.41 1324.82 49.82 

CO 46.94 181.76 6.68 
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4.9 Conclusions 

In conclusion, hierarchical ZnO nanowires demonstrate excellent sensing 

performance for toxic gases. ZnO nanowires delivered excellent sensing performance 

in the detection safety limits of 50 ppm for CO, C2H5OH, and NH3 gases at relatively 

lower operating temperatures of 100 oC. The ZnO nanowires provided a maximum 

sensing response of 115 % for toxic NH3 gas and also delivered a faster response and 

recovery time of 27 and 9 sec, respectively, for 50 ppm NH3 at the temperature of 100 

o
C, which is better than the variety of pristine, defect controlled, and doped ZnO 

nanostructures. The complementary DFT analysis predicted the CO < C2H5OH < NH3 

order of gas molecules binding strength. The excellent sensing response of hierarchical 

hexagonal ZnO nanowires is ascribed to the well defined hexagonal morphology, 

clearly visible textural boundaries, single-crystalline nature, and well interconnections 

of the nanowires. This sensing performance can be further improved after forming 

tunable hetero-architectures with metal nanoparticles. 
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Chapter 5 

Field emission of Au@ZnO nano- 
heteroarchitectures 

 
 
 
 
 
 
 

 
This chapter elaborates on the synthesis of Au nanoparticles 

and their controlled decoration over the hierarchical ZnO 

nanowires to form Au@ZnO nano-heteroarchitectures. The 

influence of Au nanoparticle decoration on the surface 

morphology, chemical composition, and work function of host 

ZnO nanostructures were studied by the FESEM, XPS, and UPS 

spectroscopy. The field electron emission studies performed on 

Au@ZnO nano-heteroarchitectures are discussed in depth. 
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5.1 Abstract 

The spitzer shaped pointed ZnO nanowires of diameter 120 nm and length ~ 

5-6 μm synthesized via hydrothermal techniques were decorated with Au 

nanoparticles of diameter < 20 nm along their textural boundaries. The turn-on field 

(Eon) of 1.56 V/µm required to draw current density of 10 µA/cm2 from ZnO nanowires 

was reduced further to 0.96 V/µm after the controlled decoration of Au nanoparticle, 

which is significantly lower than pristine/doped ZnO nanostructures, Ag@ZnO, 

Au@ZnO, Au@CuO, and MoS2@TiO2 heterostructure based field emission (FE) 

devices. The orthodoxy test confirmed the feasibility of the field-enhancement factor 

(βFE) of 4477 for Au/ZnO/ITO emitters. The enhanced FE behavior is attributed to 

pointed nanotips, individual dispersion of Au nanoparticles along the textural 

boundaries of ZnO nanowires, and enhanced energy well formation at their interface. 

Moreover, the density of the state increases enormously due to the hetero-structured 

interface of Au@ZnO, and a significant amount of electrons from both Au and ZnO 

contribute to enhanced emission current density (2.1 mA/cm2 @ 1.92 V/µm) and 

greatly stable electron emission. Our experiments suggest that the tunable hetero- 

architectures of Au nanoparticles@ZnO nanowires hold promise for applications in 

display screens and intense electron sources. 

 

5.2 Introduction 

Precisely controlled dimensions of nanostructures and their decoration are 

found to exhibit unexpected physical properties, such as tailoring of work function, 

energy band alignment, energy barrier formation, etc. Therefore, interface engineering 

is imperative in determining the performance of the field electron emission devices. 

Inducing higher electric fields, modifying emitter geometry, and impinging impurities 

without altering interfacial electronic structure are the emerging practices [1-6]. 

Nevertheless, considering the moderate electric conductivity of most metal oxides, 

developing the one-dimensional (1D) morphologies of the metal oxides and further 

decorating them with highly conducting metal/semiconducting nanoparticles is more 

feasible for fabricating field emission (FE) displays with improved emission ability. 

The high aspect ratio, sharp tip features, better conductivity, and oxidation resistance 
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projected as additional prerequisites to enhance the field electron emission and 

improve current stability are feasible in the 1D metal oxide nanostructures. Moreover, 

various 1D morphologies are observed to control the FE properties. Therefore, the 

researchers are increasingly engrossed in exploring the 1D metal oxide nanostructures 

to develop efficient display devices and sources for electron microscopes, including 

energy storage and conversion devices [7-11]. Although ZnO was one of them, it was 

moderately explored for FE displays due to its large work function of 5.3 to 5.6 eV, 

limited hexagonal morphologies, random dispersion, and electron field screening 

effect [12-16]. The larger work function of ZnO nanostructures was further tailored 

after doping with Ga [2], Mg [17], In [3], Al [18], Co [19], Cu [20], and C [5], etc., or 

decorating with Ag [4], and annealing in different environments [21] to improve the 

electron emission. The doping and annealing in different environment modify the 

electronic structure and significantly induce conductivity, are the motives for 

improved electron emission. The metal oxide nanostructures combined or modified 

with conducting particles/layers to form layered nano-hetero-architectures have shown 

substantial enhancement in their properties and operation in FE, in particular [22]. 

Moreover, hetero-architectures of Ag and ZnO have shown improvement in 

optoelectronic properties. Chang et al. [23] have attained the turn-on field (Eon) of 2.39 

V/µm after controlling the density of ZnO nanopillars employing self-assembled Ag 

nanoislands and nanolayers. Ag-ZnO nanocomposites prepared on alloy substrates by 

employing hydrothermal and electrophoretic techniques have conceived Eon in the 

range of 1-3.19 V/µm. In fact, the composites of Ag/ZnO and Ag/Graphene oxide/ZnO 

have shown the potentials of FE [6]. Although Chang et al. [13] reported FE properties 

of Au nanoparticle decorated ZnO nanopillars with Eon of 2.65 V/µm, their findings 

on Eon and field enhancement factors were not justified with the theoretical approach 

provided by Forbes et al. [24] Employment of Au catalyst for the growth of ZnO 

nanopillars known to appear at the tip of 1D morphology might have significantly 

assisted for lower Eon of 3.15 V/μm (for ZnO nanopillars), that is the reason why Eon 

was further reduced only by 0.5 V/µm even after the sputtered decoration of Au 

nanoparticles on ZnO nanopillars. However, despite the enhancement obtained by all 

these approaches, the effect of decorating Au over the ZnO is not convincing. 
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Oxidation effect and uncontrolled growth of metal particles (including Au) are 

addressed reasons for impediment in the progression of FE. Therefore, reducing the 

tip size and decorating the emitters with the metal shall be the perfect combination for 

further enhancement in FE properties. Considering the potentials of hetero- 

architectures and metal nanoparticles, controlled decoration of ZnO nanostructures 

with Au nanoparticles will further advance FE displays. 

Owing to the excellent electron affinity, high electronic/chemical stability, and 

biocompatibility, Au nanoparticles are increasingly engrossed in the modification of 

optoelectronic properties of metal oxides for applications in UV detectors [25], 

photocatalysis [26], sensors [27], and displays, etc. Despite the larger work function 

of 5.35 to 5.76 eV, Au nanoparticles were found to perform better because of enhanced 

electron transfer and surface interactions [26]. Recently, Li et al. [28] reported electron 

FE from Au nanoparticle decorated CuO nanoplates, but the minimum Eon was 

restricted to 6.7 V/µm due to the random distribution of irregular size and shape of 

nanoplates. Singh et al. [29] have decorated ZnO nanotapers with Au islands to 

improve electron emission. Lin et al. [30] performed FE studies on ZnO nanowires 

modified with Au nanoparticles. The unoptimized coating of Au nanoparticles along 

the wire body has resulted in the Eon of 2 V/µm, defined at a very low current density 

of 1µA/cm2. Ghosh et al. [31] have reported enhanced FE performance even after the 

larger work function values (i.e., 5.04-4.7 eV) for randomly oriented and highly 

oxygen defective ZnO nanostructures capped at its tip with Au nanoparticles. 

Consequently, for further enhancement in FE behaviors, modification of the electronic 

properties of ZnO nanostructures with tip morphology by the controlled decoration of 

Au nanoparticles along the textural boundaries is of scientific and technological 

importance. 

In this work, we present Au nanoparticle decorated ZnO nanowires as excellent 

field emitters. The Au nanoparticles of various concentrations were decorated along 

the ZnO nanowire body at optimized conditions. The influence of the concentration of 

Au nanoparticles on the structural, chemical, and field electron emission properties of 

ZnO nanowires was studied methodically. The surface morphology, chemical 

composition, and electronic structure of Au decorated ZnO nanowires were explored 
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utilizing field-emission scanning electron microscopy (FESEM) and X-ray 

photoelectron spectroscopy (XPS). The FE behaviors of Au decorated ZnO nanowires 

were compared after performing measurements at optimized anode-cathode 

separation. The Au@ZnO nano-hetero-architectures obtained after decorating Au 

nanoparticles over ZnO nanowires for 24 hrs exhibited excellent FE properties. 

 

5.3 Experimental Section 

The 0D Au nanoparticles were synthesized by the citrate reduction method. 

The 0.1 gm of Trisodium citrate (Na3C6H5O7) solution prepared in 15 ml deionized 

was continuously added to Chloroauric acid (HAuCl4; 12 mM/L) dissolved in 25 mL 

deionized water for 30 min under a controlled temperature of 98 oC. The reaction was 

continued for 15 min to obtain Au nanoparticle of uniform dimensions. The Zinc 

Acetate dehydrates (C4H6O4Zn.2H2O, 98 %, Sigma Aldrich) and Sodium peroxide 

(Na2O2, 97 %, Sigma Aldrich) were hydrothermally reacted at 85 oC for 12 hr to grow 

large-area arrays of ZnO nanowires over the ITO coated glass substrate. A detailed 

protocol for synthesizing a large area array of the spitzer shaped ZnO nanowires is 

reported in chapters 2 and 3. Thus independently synthesized ZnO nanowires and Au 

nanoparticles were subjected to the formation of their nano-hetero-architectures. As- 

synthesized ZnO nanowires arrays were transferred to the mobilized solution of Au 

nanoparticles, and Hexadecanethiol (HDT, 20 pmol/L) was added to the solution to 

conform the functionalization of Au nanoparticles along the ZnO nanowires. As- 

synthesized ZnO nanowires arrays were immersed in the mobilized solution of Au 

nanoparticles for 4, 8, 12, 24, and 48 hr to ensure the controlled decoration of Au 

nanoparticles. After that, the surface morphology of Au decorated ZnO nanowires was 

confirmed using a field emission scanning electron microscopy (FESEM, Carl Zeiss, 

Merlin 6073). The chemical states of Au decorated ZnO nanowires were analyzed 

utilizing an X-ray photoelectron spectrometer (XPS, Thermo Scientific Inc. Kα) with 

a microfocus monochromated Al Kα X-ray. The valence band spectra (VBS) was 

measured using the Omicron energy analyzer (EA-125, Germany) at angle incidence 

photoemission spectroscopy (AIPES) beamline on Indus-1 synchrotron source at 

RRCAT, Indore, India. The vacuum in the analyzer chamber was of the order of 10- 
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10 Torr. The FE studies of pristine and Au coated ZnO nanowires were carried out in 

a vacuum chamber maintained at a base pressure of ~ 7.5 × 10-9 Torr. The anode, a 

semi-transparent phosphor screen, was maintained at distances of 2000 µm from Au 

decorated ZnO nanowires. (≡ Au/ZnO/ITO emitters), which was optimized for the 

specimen of pristine ZnO nanowires (≡ ZnO/ITO emitter). The field emission 

measurements procedure adopted for spitzer shaped ZnO nanowires is elaborated 

elsewhere [1]. To avoid the influence of contamination and loosely bound Au 

nanoparticles in FE, samples were preconditioned by applying a voltage of ~ 3 kV for 

30 min at a base pressure of ~ 7.5 × 10-9 Torr. Field emission current (I) was measured 

with an electrometer (Keithley 6514) at direct current (dc) voltage (V) applied using a 

high-voltage dc power supply (0-40 kV, Spellman). The long-term stability of the field 

emission current was recorded for Au/ZnO/ITO emitters. 

 

5.4 Field Emission Scanning Electron Microscopy 

The FESEM images in Figure 1 show the surface morphology of a large area 

array of Au decorated ZnO nanowires synthesized over conducting glass substrate. 

The hexagonal ZnO nanowires distributed over a large area array were confined to a 

limited range, and all were smaller than the diameter of ~ 200 nm. The nanowires of 

the average diameter of ~ 120 nm and ~ 5-6 μm long were well separated with their 

clearly visible textural boundaries. The self-assembled hexagonal ZnO nanowires 

were conical in shape at their tip. After the confirmation of the formation of ZnO 

nanowires, these randomly aligned ZnO nanowires were subjected to the controlled 

decoration of Au nanoparticles over the surface of the wire body. The ZnO nanowires 

were decorated with Au nanoparticles by monitoring the reaction time for 4, 8, 12, 24, 

and 48 hr in the solution of Au nanoparticles at optimized concentration and 

temperature. The change in the decoration time has resulted in the variation of the 

concentration of Au nanoparticles over the surface of ZnO nanowires. The 

representative FESEM images in Figure 5.1(a and c) shows the surface morphology 

of Au nanoparticle decorated ZnO nanowires at a reaction time of 8 and 24 hr, 

respectively. A close examination from the top view of the portion of the array (Figure 

5.1(a)) shows no agglomeration of the Au nanoparticles over the array of ZnO. 

 
 
 

102 



 

Figure 5.1. FESEM images show the surface morphological features of ZnO 

nanowires decorated with Au nanoparticles after a reaction time of (a) 8 h and (c) 24 

h. (b) The single nanowire extracted from the array of Au@ZnO nanowires decorated 

for 8 h showing the uniform distribution of Au nanoparticles along the textural 

boundaries. (d) Both arrays are composed of the ZnO nanowires with spitzer shaped 

truncated tip mostly (left panel) and very sharp pointed tips partially (right panel). 
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However, the Au nanoparticles were uniformly decorated along the textural 

boundaries of hexagonal ZnO nanowires. High magnification FESEM image in Figure 

5.1(b) shows single ZnO nanowires extracted from the array decorated for 8 hr in the 

solution of Au nanoparticles. ZnO nanowire was uniformly decorated with the Au 

nanoparticles. The Au nanoparticles, all are smaller than the diameter of ~ 20 nm, were 

decorated along the hexagonal facets of ZnO nanowires and not along the edges. 

Further increase in the decoration time has resulted in the increased concentration of 

Au nanoparticles, evidenced by the top view FESEM image in Figure 5.1(c). Even 

though agglomeration of Au nanoparticles was observed along the hexagonal facets of 

ZnO nanowires, slightly additional agglomeration was observed outside the ZnO 

nanowires array in the high magnification FESEM images in the inset of Figure 5.1(c). 

The agglomeration has increased further for a reaction time of 48 hr and gave an 

appearance of nanocomposite formation of Au nanoparticles and 1D ZnO nanowires. 

The close observation of the ZnO nanowires grown over a large area array confirmed 

that the facets of the wires were curtailed at the end and provided either spitzer shaped 

truncated tips or very sharp pointed tips as shown in the left and right panel of Figure 

5.1(d), respectively. Most of the ZnO nanowires have spitzer shaped truncated tip of a 

diameter less than ~ 30 nm (left panel Figure 5.1(d)), but the diameter of the very sharp 

pointed tip was less than ~ 10 nm (right panel, Figure 5.1(d)). This spitzer shaped 

truncated tip and very sharp pointed tip appearance of ZnO nanowires along with Au 

nanoparticles are expected to play a vital role in enhancing FE properties. 

 

5.5 X-ray Photoelectron Spectroscopy 

The XPS investigations were performed to confirm the electronic structure and 

chemical properties of Au decorated ZnO nanowires. Figure 5.2 illustrates the high- 

resolution XPS spectra of the Zn(2p) and Au(4f) recorded after the decoration of Au 

nanoparticles at the reaction time of 8 and 24 hr on the ZnO nanowires. Figure 5.2(a) 

illustrates the Zn(2p) XPS spectra of Au@ZnO nanowires. The clearly visible two 

peaks feature of Zn(2p3/2) and Zn(2p1/2) located at a binding energy of 1020.9 (±0.1) 

and 1043.9 (±0.1) eV, represents the core level of Zn2+ cations, respectively [32,33]. 

The energy separation of 23.1 eV assigned to ZnO and not too metallic Zn [34] was 
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𝑑𝑡 

maintained irrespective of Au decoration along the textural boundaries of ZnO 

nanowires. This indicated that the Au had not altered the stoichiometry or chemical 

properties of ZnO nanowires. The decoration of Au nanoparticle of < 20 nm in 

diameter at a reaction time of 8 and 24 hr along the textural boundaries of ZnO 

nanowires resulted in the reduction of the intensity of Zn(2p) peaks, on account of the 

permitted fine-depth profiling only within 10 nm in XPS. The reduction in the intensity 

of Zn(2p) confirms the increased amount of Au nanoparticles decoration over ZnO 

nanowires after 8 and 24 hr. On the other hand, the distinct XPS peaks for Au(4f) along 

with Zn(3p) were observed for the decorated ZnO nanowires and are shown in Figure 

5.2(b). Two peak features for Zn(3p) and no peaks of Au(4f) were observed for pristine 

ZnO nanowires. However, the double peak feature of the Au(4f) peak was observed 

for the reaction time of 8 hr. The intensity of the Au(4f) peak has further increased 

with an increase in reaction time to 24 hr, which indicates an additional increase in the 

amount of Au nanoparticles decorated over ZnO nanowires. 

The intensity of the Au(4f7/2) and Zn(2p3/2) peaks was considered to understand 

the effect of reaction time on the amount of Au nanoparticle decorated over ZnO 

nanowires. Figure 5.3 shows a comparison of the intensity of the Au(4f7/2) and 

Zn(2p3/2) peaks with respect to the reaction time for the decoration of Au nanoparticles. 

The inversely proportional variation in the intensity of Au(4f7/2) and Zn(2p3/2) peaks 

was observed. The observed intensity of both the peaks was well fitted using the 

exponential growth equation, 

𝐼 = 𝐴 − 𝐵𝑒
−𝑡⁄𝜏 --(5.1) 

Where I is the intensity of peak, t is the reaction time, A and B are initial constants, 

and τ is the curve fitted constant. However, the exponential fitting for Au(4f7/2) peaks 

is considered to identify the decoration rate of Au nanoparticles over ZnO nanowires. 

The decoration rate of Au nanoparticles is, 

𝑑𝐼⁄ = (𝐵⁄𝜏)𝑒
−𝑡⁄𝜏  ≅ 793 ⋅ 𝑒

−𝑡⁄9.4 --(5.2) 
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Figure 5.2. High-resolution XPS spectra of the (a) Zn(2p) and (b) Au(4f) and Zn(3p) 

core levels of pristine and Au nanoparticles decorated ZnO nanowires for 8 and 24 h. 

Figure 5.3. The intensity variation of the Au(4f7/2) and Zn(2p3/2) core levels of 

Au@ZnO nano-hetero-architectures observed by decorating Au nanoparticles over 

ZnO nanowires for various optimized reaction times. 
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Figure 5.4. High-resolution XPS spectra for Au(4f) and Zn(3p) core levels of a large 

area array of 1D ZnO nanowires (upper panel) and Au nanoparticles decorated ZnO 

nanowires for the reaction time of 8 h (middle panel) and 24 h (lower panel). 

To make a distinction between Au(4f) and Zn(3p), and also for precise 

determination of their double-peak feature, the XPS spectra in Figure 5.2(b) was 
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deconvoluted via Voigt curve fitting function within the Shirley background. The 

deconvoluted XPS spectra for pristine ZnO (upper panel) and Au@ZnO (middle and 

lower panel) nanowires is shown in Figure 5.4. The perfect fit for four distinct peaks 

has shown the double peak features of Au(4f7/2) and Au(4f5/2) for Au(4f), and Zn(3p3/2) 

and Zn(3p1/2) for Zn(3p), respectively. Two peaks located at binding energy of 88.2 (± 

0.03) and 90.7 (± 0.05) eV evidenced Zn(3p3/2) and Zn(3p1/2) core levels of Zn2+ 

cations only, respectively. The energy separation of 2.5 eV observed in ZnO nanowires 

(upper panel, Figure 5.4) was maintained even after the decoration of Au nanoparticle 

along their textural boundaries. The two peaks located at the binding energy of 82.9 

(±0.05) and 86.7 (± 0.05) eV evidenced Au(4f7/2) and Au(4f5/2) core level of pure 

metallic Au only, respectively. The energy separation of 3.8 (±0.02) eV between 

Au(4f7/2) and Au(4f5/2) core level was observed even after varying the amount of Au 

decoration over ZnO nanowires (middle and lower panel, Figure 5.4). The blue shift 

of 1.6 eV in binding energy observed than that of the gold doped compounds [35] can 

be attributed to the pure metallic form of Au and not to the chemically reacted Au over 

the ZnO surface. Moreover, the blue shift in the binding energy is assigned to the 

strong electron exchange between the metal oxide and Au nanoparticles [36,37]. 

 

5.6 Field Emission measurements 
 

Figure 5.5. Field emission J–E curves of Au@ZnO nano-hetero-architectures derived 

after decorating Au nanoparticle along the surface of ZnO nanowires for various 

optimized reaction times (i.e., 4, 8, 12, 24, and 48 h) 
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The FE measurements of Au decorated ZnO nanowires (≡ Au/ZnO/ITO) were 

performed in the planer diode configuration on the emission area of ~ 0.30 cm2 at the 

optimized anode-cathode separation of 2000 µm. The change in the electron emission 

current density (J) with variation in the applied electric field (E) (i.e., J-E plot) of 

Au/ZnO/ITO emitters is shown in Figure 5.5. Owing to the random alignment of 

Au@ZnO nanowires over the ITO coated substrates, the applied electric field 

(E=V/dsep) is treated as the average field and not a uniform field between the electrodes 

separated by the distance dsep. In the beginning, the pristine ZnO nanowires (≡ 

ZnO/ITO) were subjected to electron FE at the separation of 1500, 2000, and 2500 

µm. More details on these field emission measurements are available elsewhere [38]. 

The higher current density was observed for pristine ZnO nanowires at the separation 

of 2000 µm; therefore, the FE studies of Au@ZnO nanowires (≡ Au/ZnO/ITO) were 

performed at the anode-cathode separation of 2000 µm. The amount of Au decorated 

along the textural boundaries of ZnO nanowires has distinctly altered electron 

emission current (Figure 5.5). The Au/ZnO/ITO emitters have delivered larger 

emission current density at a relatively lower applied field than that of pristine ZnO 

nanowires. Especially, decoration of Au nanoparticles for 24 hr along the textural 

boundaries of ZnO nanowires yields a larger emission current density of 2.1 mA/cm2 

at a lower applied field of 1.92 V/µm. Moreover, emission current density (i.e., 2.1 

mA/cm2) achieved from Au@ZnO nanowires (≡ Au/ZnO/ITO) at lower applied field 

(i.e., 1.92 V/µm) is relatively higher than the values reported for Ag/GO/ZnO 

composites [6], CNT-ZnO composites [39], ZnO nanowire/CNT heterojunction [40], 

pristine ZnO nanopillars [23], metal particle decorated ZnO nanorods [41], Au 

decorated ZnO nanowires/nanopillars [13,30], and CuO nanoplates [28], and pristine 

and MoS2 decorated β-TiO2 nanorods [22,42]. The Eon of ZnO/ITO (i.e., Eon = 1.56 

V/µm) required to acquire a current density of 10µA/cm2 is reduced considerably after 

the controlled decoration of various amounts of Au nanoparticles. The Eon of 1.36, 

1.38,  1.32,  0.96,  and  1.46  was  observed  after  the  controlled  decoration  of  Au 

nanoparticles over ZnO nanowires for 4, 8, 12, 24, and 48 hrs, respectively. Likewise, 

the Ethr of ZnO/ITO (i.e., 1.9 V/µm) corresponding to the current density of 100 

µA/cm2 is reduced to 1.7, 1.9, 1.86, 1.2, and 1.81 V/μm for the respective decoration 
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of Au nanoparticles. The decoration of Au nanoparticles over ZnO nanowires for 24 

hrs have provided the lowest Eon value (i.e., 0.96 V/µm @ 10 μA/cm2) than that of 

pristine ZnO emitters of various morphological forms such as a rod, wires, cones, 

pillars, and needles, etc. mentioned above [12-16,23,43]. The Eon observed for 

Au@ZnO nanowires hetero-architectures after the decoration of Au nanoparticles for 

24 hr is reasonably lower than that reported for Ag and Graphene oxide decorated ZnO 

nanowire array (i.e., 1.4 V/µm) [6], ZnO nanowire/CNT heterojunction (i.e., 1.5 V/µm 

at the current density of 1µA/cm2) [40], nitrogen implanted ZnO nanowires (i.e., 2.4 

V/µm at the current density of 0.1µA/cm2) [44], Ag and Pt decorated ZnO nanorods 

(i.e., 1.9 and 2.6 V/µm, respectively) [41], and Au decorated CuO nanoplates (i.e., 6.7 

V/µm) [28]. The non-uniform and limited distribution of Au nanoparticles over the 

ZnO nanowires restricted the Eon to 2 V/µm (defined at 1µA/cm2) [30]. Even though 

CNT are known for their very high conductivity, the composite of ZnO with CNT 

could not provide better Eon than present Au@ZnO nano-hetero-architectures might be 

because of their non-optimized compositions [39,45]. Au@ZnO nanorods have shown 

compatibly good performance than the Ag nanoparticle coated ZnO nanorods array. 

However, one should consider that the alloy substrate (details not mentioned in the 

manuscript) might have backed up for better electron emission and lower Eon in 

Ag@ZnO nanorods [4]. The larger diameter of ZnO nanopillars (i.e., > 200 nm) 

limited the Eon to 2.65 V/µm even after decoration with Au nanoparticles [13]. 

Moreover, the use of Au nanoparticles as a catalyst to grow ZnO nanopillars, known 

to appear at the tip of nanopillar morphology, might have aid significantly for the Eon 

of 3.15 V/μm (for ZnO nanopillars), which was further reduced only through 0.5 V/µm 

after decorating Au nanoparticles on ZnO nanopillars. In fact, controlled decorations 

of Au along the textural boundaries of ZnO have conceived relatively better field 

electron emission and lower Eon then the composites of Ag/ZnO and Ag/Graphene 

oxide/ZnO (i.e., 1.4 V/µm defined at 1 µA/cm2) [6] Even though, Singh et al. [29] 

have reported relatively lower Eon of 0.97 V/µm for Au island decorated ZnO 

nanotapers, one cannot neglect the one-to-one interaction of the ZnO nanorods with 

AFM tip employed for this lower value measurement. The reduction in the Eon of 

Au@ZnO nanorods might be observed because of both the sharp and spitzer shaped 
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pointed tip, as well as reduction in the resistance of ZnO after the uniform decoration 

of highly conducting Au nanoparticles along their textural boundaries. The uniform 

distribution of Au nanoparticles was observed along the textural boundaries of ZnO 

up to 24 h. Although agglomeration of Au was observed after decoration for 24 h, it 

was limited to the bottom of the nanowires array, and tips of the nanowires were 

exclusively available for emission. The enormous agglomeration was observed all 

over the array after decorating Au nanoparticles for 48 hr, which might have resulted 

in a further increase in the Eon. The agglomeration has resulted in both the non-uniform 

distribution of Au along the textural boundaries and inaccessibility of ZnO nanowires 

tips for emission. Moreover, the agglomeration of Au had made highly conducting 

centers over the ZnO nanowires array. It resulted in the non-uniform distribution in 

conductivity, as reported by She et al. [46] for the correlation between resistance and 

FE performance of ZnO nanostructures. Consequently, the emission ability of 

Au@ZnO nanowires further decreased, and the value of Eon increased. 

 

Figure 5.6. UPS valence bands spectra of Au@ZnO nanowires decorated for a 

reaction time of 24 h. The inset shows magnified valence bands spectra at higher 

binding energy. 

 

The alterations in the work function endorse the FE properties. Therefore, 

Ultraviolet Photoelectron Spectroscopy (UPS), employed to determine the work 

function Au/ZnO/ITO emitters, is utilized as a fingerprint to reveal the reason for 
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lower Eon and improved emission current density. The UPS spectra recorded at an 

energy of 23 eV for Au decorated ZnO nanowires shown in Figure 5.6 is utilized to 

calculate the work functions. There are noticeable changes in the shape of valence 

band spectra for Au@ ZnO emitters compared to ZnO emitters [38]. Two distinct 

peaks are observed in the VBS of Au@ZnO nanowires, where lower and higher 

binding energy peaks are assigned to the nonbonding O(2p) orbitals and hybridization 

of the O(2p) and Zn(4s) orbitals, respectively [47]. Significant attenuation in the width 

of the band of ZnO is observed after the decoration of Au nanoparticles. Moreover, 

the work function was estimated from the equation [48] 

∅𝐴𝑢@𝑍𝑛𝑂 = ℎ𝜔 − |𝐸𝑠𝑒𝑐 − 𝐸𝐹𝐸| ---(4.3) 

Where hω is the energy of the source used (≡ 23 eV), Esec is the onset of the secondary 

emission, and EFE is the Fermi edge. The sharply pointed tip appearance of ZnO 

nanowires resulted in the work-function of 4.3 eV (i.e., ΦAu@ZnO) after decorating Au 

nanoparticles for 24 hr, which is remarkably lower than reported for Al-doped ZnO 

nanowires [18], Ag decorated ZnO nanorods [4], and Au faceted oxygen-deficient 

ZnO nanostructures [31]. The Au nanoparticles might have interacted with the ZnO 

through the surface oxygen atoms and lead to their hybridization. This resulted in the 

stimulation of charge transfer from Au nanoparticles to oxygen, thereby reducing the 

work function of the Au decorated ZnO nanostructures [31]. This reduced value of 

work-function might be one of the drives for enhancement in the FE performance of 

Au decorated ZnO nanowires. 

A modified Fowler−Nordheim (F−N) equation mentioned below is utilized to 

elucidate the applied field dependent modification in the emission current density of 

Au/ZnO/ITO emitters, 

3/2 
𝐽 = 𝛼 𝑎𝛷−1𝐸2𝛽2 𝑒𝑥𝑝 (− 

𝑏𝛷 
𝜈 

 

) ---(5.4) 

𝑓 𝐹𝐸 
𝛽𝐹𝐸𝐸 𝐹 

Where, J is the average FE current density of the device, αf is a macroscopic pre- 

exponential correction factor, a and b are constants (a = 1.54×10-6 AeV/V2, b = 

6.83089×103 eV-3/2 V/μm), Φ is the work function of the emitter (i.e., ΦZnO= 4.9 eV 

and ΦAu@ZnO= 4.3 eV), E is the applied average electric field, βFE is the local electric 

field enhancement factor, and νF is a specific value of the principal Schottky-Nordheim 

barrier function ν (i.e., correction factor). The emission surface is treated to be rough 
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for Au/ZnO/ITO emitters because of the decoration of ZnO nanowires. Therefore, the 

ratio of both applied and local electric fields, which differ from each other at emission 

sites (i.e., ZnO and Au), is identified as the βFE. A plot of ln{J/E2} versus (1/E), 

recognized as the F-N plot, is described by equation (5.4). Therefore, the field 

enhancement factor (βFE) is estimated from equation 

𝛽𝐹𝐸 = 
−𝑠𝑏𝛷3⁄2 

𝑆 
---(5.5) 

Where s (= 0.95) is the slope correction factor for the Schottky-Nordheim barrier. In 

the present case, it is treated as s = 1 for simplicity. 

The F-N plots for Au controlled Au/ZnO/ITO emitters are shown in Figure 5.7. 

The distinct F-N plots substantiate the well-defined band alignment of Au 

nanoparticles and ZnO nanowires after their controlled decoration one over the other. 

The amount of Au decoration over Au/ZnO/ITO emitters has tailored the values of 

βFE. The βFE values evaluated for various Au/ZnO/ITO emitters fabricated after 

decorating Au nanoparticles over ZnO nanowires at a reaction time of 4, 8, 12, 24, and 

48 hr are 3744, 4270, 4477, 5784, and 3124, respectively. These evaluated βFE values 

for Au/ZnO/ITO emitters are higher than those reported for various ZnO 

nanostructures morphologies [15,16,49]. Moreover, it is also larger than doped and 

decorated ZnO nanostructures, such as the Au nanoparticle decorated ZnO nanopillars 

[13] and CuO nanoplates [28] Al, C, and In-doped ZnO nanowires grown on flexible 

substrates [3,5,18] Mg-doped ZnO nanostructures [17], and Carbon nanotube-ZnO 

composites [45]. Although, Premkumar et al. [12] and Wang et al. [6] have reported 

very high values of βFE for pristine and Ag nanoparticle decorated ZnO nanostructures, 

respectively, the orthodoxy test was not performed to support their claim. The 

unoptimized coating of Au nanoparticles along the body has conceived the βFE of 

29000 [30], but one cannot neglect that orthodoxy test or theoretical calculations have 

not been performed to confirm the viability of this high value. That is why the 

feasibility of the FE measurements and βFE of Au/ZnO/ITO emitters was verified after 

performing the orthodoxy test using the spreadsheet made available by Forbes in the 

reference [24]. The scaled-barrier-field (f) values estimated for Au/ZnO/ITO emitters 

decorated with Au nanoparticles after controlling reaction time from 4 to 48 hr are 

given in Table. 5.1 
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Figure 5.7 F-N plots obtained from J–E curves measured for nano-hetero-architecture 

of controlled Au nanoparticle decorated ZnO nanowires (≡Au/ZnO/ITO) for various 

optimized reaction times. 

The emission situation is orthodox during all controlled Au decorated 

Au/ZnO/ITO emitters for both the lower (flow) and higher (fhigh) Scaled-Barrier-Field 

(f) values. The decoration of Au along the textural boundaries of ZnO nanowires 

demonstrated an apparently reasonable emission condition for fhigh values, which are 

reduced significantly after decorating ZnO nanowires with Au nanoparticles for 24 hr. 

The optimized and controlled loading of highly conducting Au nanoparticles along the 

textural boundaries of ZnO nanowires and their well-defined band alignment (i.e., the 

metal-semiconductor junction of Au and ZnO) has emerged as improved values of βFE 

and lower Eon than that of ZnO/ITO emitters. After decorating Au along the ZnO 

nanowires for 24 h, maximum Au nanoparticles were accommodated along the textural 

boundaries, and partial aggregation of Au nanoparticles limited to the bottom of the 

nanowires array conceived the enhancement in the conductivity of exclusively 

available tips of the nanowires. Therefore, most of the injected electrons from both Au 

centers and ZnO nanowires are transported efficiently towards the emission sites. This 

cut down the voltage drop along the Au@ZnO nanowires and improves the effective 

field at the sharp tips of ZnO nanowires and surface of Au nanoparticles, which give 

rise to the observed enhancement of FE. 
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Table 5.1: Scaled-Barrier-Field (f) values evaluated from F-N plots for Au decorated 

ZnO nanowires (i.e., Au/ZnO/ITO) emitters using the spreadsheet provided in 

Reference [24] 

Materials Reaction time (h) flow fhigh Orthodoxy test result 

 

 
Au nanoparticles 

@ZnO nanowires 

4 0.27 0.56* Apparently reasonable 

8 0.28 0.66* Apparently reasonable 

12 0.27 0.71* Apparently reasonable 

24 0.24 0.49 Pass 

48 0.22 0.44 Pass 

(* Single asterisk on fhigh values indicates the apparently reasonable values (i.e., fhigh < 

0.75) 

 

Figure 5.8. Schematic band alignment of nano-hetero-architecture of Au nanoparticles 

@ ZnO nanowires (i.e., ≡Au/ZnO/ITO emitters) 

 

This can be more elaborated by the band alignment of Au and ZnO showed in 

Figure 5.8. Therefore, the enhanced FE behavior with higher values of βFE and lower 

Eon is expected after the decoration of Au nanoparticles over ZnO nanowires, owing to 

its lower work function (i.e., 5.3 eV). The metallic Au, an excellent source of the 

electron, provides a relatively immense number of electrons, which were commended 

by the electrons accumulated in the energy well of ZnO. Besides, the energy well of 

ZnO enhanced further due to the alteration of energy band bending at the interface 

after decorating Au nanoparticles along the textural boundaries of ZnO nanowires. 

Consequently, the density of the state increases enormously, and a significant amount 

of electrons from both Au and ZnO contribute to enhanced emission current density 
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(Figure 5.8). The smaller values of Φ provide a reduced barrier for the emission of an 

electron. Therefore, a reduction in the work function of Au decorated ZnO nanowires 

(i.e.ΦAu@ZnO = 4.3 eV) has resulted in the enhanced electron emission at the relatively 

lower applied electric field, which turned out as lower Eon. 

 

Figure 5.9. Field emission current stability (I−t) plot of nano-hetero-architectures of 

Au@ZnO observed by the optimized decoration of Au nanoparticle over ZnO 

nanowires at different reaction times 

 

Steady Field electron emission (i.e., current) is essential for the fabrication of 

FE displays and other related appliances. Figure 5.9 shows the FE stability of Au 

controlled Au/ZnO/ITO emitters. The recorded emission current (I) preset at the value 

of 10 µA, which was considered for Eon, not showed obvious depreciation for 

uninterrupted emission until 180 min. The lower current fluctuation (i.e., ± 10 %) in 

Au/ZnO/ITO emitters confirm the improvement in the stability of Au/ZnO/ITO 

emitters. The Au/ZnO/ITO emitters where Au nanoparticles were decorated for 24 hr 

are observed comparatively more stable with negligible current fluctuations of ± 4 %. 
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The exclusive availability of sharp tips of ZnO nanowires and uniform distribution of 

maximum Au nanoparticles along their textural boundaries after decoration time of 24 

hr contribute enormously as emitters perhaps are the cause of enhancement in the 

emission ability. 

 

5.7 Conclusions 

In conclusion, the large area array of ZnO nanowires synthesized on ITO 

coated glass substrates was decorated with Au nanoparticles. The XPS analysis 

confirmed the decoration of pure metallic Au nanoparticles over the stoichiometric 

ZnO nanowires. The controlled decoration of Au nanoparticles along the textural 

boundaries of sharply pointed ZnO nanowires resulted in a lower work-function of 4.3 

eV. The Eon was significantly reduced to 0.96 V/µm by the controlled decoration of 

Au nanoparticles over ZnO nanowires. The Au/ZnO/ITO emitters showed highly 

stable emission (with current fluctuations of ± 4 %) of the electron, besides a larger 

emission current density of 2.1 mA/cm2 at a lower applied field of 1.92 V/µm. The 

decoration of Au along the surface of ZnO nanowires dramatically increased the 

density of state and reduced work function (i.e., 4.3 eV) for a reaction time of 24 h, 

which induced almost all emitted electrons to transfer easily towards the emission 

sites, is responsible for the enhancement in FE behavior and reduction in Eon. The 

tunable nano-hetero-architecture of Au decorated ZnO nanowires of sharp-tip 

morphology can be a promising candidate for field electron emission based vacuum 

micro/nano-devices, including flat-panel displays and intense point electron source. 

Moreover, this approach implemented to enhance FE behavior after controlling nano- 

hetero-architectures can be extended further to manufacture portable FE devices and 

improve other functionalities for various applications. 
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Chapter 6 

Photoelectrochemical activities of 
Au@ZnO  nano-heteroarchitecture 

 
 
 
 
 
 
 
 
 
 

This chapter elaborates on the photoelectrochemical 

performance of controlled nano-hetero-architectures of 0D Au 

nanoparticles and 1D ZnO nanowires. The characterization 

techniques such as FESEM, TEM, HRTEM, XRD, and XPS 

performed are complimenting the observed PEC results. 
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6.1 Abstract 

Heteroarchitectures have delivered phenomenal photoelectrochemical 

performance owing to their excellent physicochemical properties. We report on the 

utilization of controlled Au@ZnO nano-hetero-architectures for efficient water 

splitting. The ZnO nanowires of average length and diameter of ~ 5-6 m and 120 nm, 

respectively, synthesized by the hydrothermal method, were subjected to the 

controlled decoration of Au nanoparticles of diameter ~ 20 nm. The cubic crystalline 

Au nanoparticles were decorated on the hexagonal wurtzite ZnO nanowires under 

controlled reaction time. The 12 h reaction time has resulted in the uniform decoration 

of Au nanoparticles along the surface of ZnO nanowires. A further increase in the 

reaction time ensued their agglomeration in the array of ZnO nanowires. The XPS 

analysis revealed the existence of a pure metallic Au on ZnO nanowires without 

altering the stoichiometry. The Au@ZnO nano-hetero-architecture with 12 h reaction 

time delivered maximum photocurrent density of 1.04 A/cm2, is a 52-fold increase 

than that of pristine ZnO nanowires. The ABPE value of 0.59 %, which is 

approximately five-fold higher than the pristine ZnO nanowires. This reveals that the 

controlled decoration of Au nanoparticles along the surface of ZnO nanowires has 

significantly altered the Fermi energy position and expedited the electron injection 

from Au into the conduction band of ZnO, effectively. 

 

6.2 Introduction 

The energy consumption rate is expected to increase enormously with the 

industrial demands for the luxury of society. The environmental pollution and 

deterioration of non-renewable energy sources are projecting the scientific and 

industrial community to focus on clean, renewable, and sustainable energy sources to 

raise the daily energy needs. The abundant solar energy and the water sources are of 

particular attraction to put efforts in the development of highly efficient, eco-friendly, 

and clean energy technologies. Solar-driven artificial photosynthesis, i.e., water 

splitting for hydrogen generation, holds the potentials to come up with the present 

technological demands. Therefore, researchers across the world are focusing on the 

photoelectrochemical (PEC) water splitting. Among various kinds of nanostructured 
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morphology, the utilization of isolated zero-dimensional (0D) nanostructure providing 

a high surface area is limited due to charge recombination loss and charge trapping at 

grain boundaries. On the other hand, one dimensional (1D) nanostructures with a 

larger aspect ratio offer significant irradiation pathway, small diffusion length, and 

moderate recombination loss [1-4]. The relatively smaller surface area of 1D 

nanostructures than that of 0D morphologies limits the charge capturing capability in 

water-splitting reaction [5]. Hydrogen from the photocatalytic water splitting process. 

The local surface plasmon of 0D metallic nanoparticles by strong electron-electron 

scattering can improve the water splitting, but the tunable resonance and stability 

constrained the utilization to Ag and Au, only [6,7] Moreover, oxides of Cu, W Ti, Ni, 

and Fe, etc. [8-13] have been studied widely as a photoanode for PEC applications, 

owing to their excellent photoelectric performance for efficient solar energy 

conversion. The ZnO nanostructures have gained special attraction because of better 

intrinsic stability, faster charge mobility, efficient electron transformation, eco- 

friendly character, high photo corrosion resistance, etc. [14,15]. 

Limited efforts are made to draft the nano-hetero-architectures of Au and metal 

oxide semiconductors to improve photoanode performance. Chen et al. [5] reported 

the effect of plasmon excitation on Au nanostructures@ZnO nanorods array in the 

photochemical reaction. Wu et al. [16] employed a hydrothermal and photoreduction 

approach to growing the matchlike heterostructure of Au nanoparticles over the tip of 

ZnO nanorods. The photocurrent density reached 9.11 mA/cm2, but the observed 

photoconversion efficiency of 0.48 % asked for additional optimization of Au content 

for further improvement. The polycrystalline branched ZnO nanowires transferred 

from ZnS after pretreatment were coated with Au nanoparticles through facile ionic 

layer adsorption. The limited loading of Au nanoparticles in the crowded 3D ZnO 

nanowires network restricted the photocurrent density to 1.45 mA/cm2, and hence, the 

photoconversion efficiency to 0.52 % [17]. It was improved further to 3.02 mA/cm2 

for 3D honeycomb ZnO/GaN heterostructures anchored by multiwalled carbon 

nanotubes. The inevitable surface defects of GaN induced surface band bending and 

severely restricted PEC conversion efficiency [18]. Even though ZnO nanowires were 

coated with TiO2 shells to improve electron-hole separation efficiency, but the 
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protective ability of TiO2 produced a very low photocurrent of 0.40 mA/cm2 [19]. 

Likewise, the Au nanoparticles were employed along with TiO2 [20-23] and WO3 [24] 

nanostructures to explore the possibility of improvement in the photo activities. The 

layer of Au nanoparticles drop-coated over the thin films of WO3 nanoparticles 

produced the photocurrent density of 0.44 mA/cm2 (at 1V) found suitable as 

photoelectrode for water splitting. Therefore, the comprehensive exploration of 

tunable nano-hetero-architectures of metallic 0D Au nanoparticles and 1D ZnO 

nanostructures for the utilization as photoelectrode/photoanode is of vital importance 

in the quest of enhanced photoelectric performance. 

I report the synthesis of optimized nano-hetero-architectures of 0D Au @1D 

ZnO as a photoanode for water splitting in this work. 0D Au nanoparticles of various 

concentrations were decorated along the 1D ZnO nanowires body at optimized 

conditions to form controlled nano-hetero-architectures for efficient photoanode in 

photoelectrochemical (PEC) solar-driven water splitting. The decoration of Au along 

the surface of the ZnO rod body controlled with governing the reaction time and 

identified as pristine ZnO, Au@ZnO (8 h), Au@ZnO (12 h), Au@ZnO (24 h), and 

Au@ZnO (48 h). The influence of the pure metallic Au nanoparticles on the chemical, 

structural, and photoelectrochemical properties of ZnO nanowires was explored 

meticulously. The surface morphology and hetero-architecture formation are 

confirmed from field-emission scanning electron microscopy (FESEM) and 

transmission electron microscopy (TEM). The x-ray diffraction (XRD), x-ray 

photoelectron spectroscopy (XPS), and Ultraviolet Photoelectron Spectroscopy (UPS) 

studies were employed to reveal the crystal structural, purity of phase, chemical 

composition, and electronic structure of the pristine ZnO and hetero-architecture of 

Au@ZnO. The photoelectrochemical performance of the hetero-architectures of Au 

nanoparticle decorated ZnO nanowires analyzed at optimized conditions. The 

decoration of Au nanoparticles for 12 h over the surface of ZnO nanowires (i.e., 

Au@ZnO-12 h) revealed excellent PEC water splitting properties. 
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6.3 Experimental Section 

The ZnO nanowires and Au nanoparticles were prepared independently by the 

hydrothermal reaction and citrate reduction methods. The Zinc Acetate dehydrates 

(C4H6O4Zn.2H2O, 98 %, Sigma Aldrich) and Sodium peroxide (Na2O2, 97 %, Sigma 

Aldrich) hydrothermally reacted at 85 oC for 12 h to grow large-area arrays of ZnO 

nanowires over the ITO coated glass substrate. A detailed protocol for the synthesis of 

ZnO nanowires is reported elsewhere [25]. Likewise, the Trisodium citrate 

(Na3C6H5O7; 0.1 gm @ 15 ml deionized H2O) and Chloroauric acid (HAuCl4; 12 

mM/L @ 25 mL deionized H2O) solutions were prepared at a controlled temperature 

of 98 oC and reacted together for 15 min to obtain Au nanoparticle of uniform 

dimensions. Thus, independently synthesized ZnO nanowires and Au nanoparticles 

were subjected to the formation of nano-hetero-architectures. Hexadecanethiol (HDT, 

20 pmol/L) was added to the mobilized solution of Au nanoparticles to conform 

functionalization of Au nanoparticles along the ZnO nanowires. As-synthesized ZnO 

nanowires arrays were immersed in the mobilized solution of Au nanoparticles for 8, 

12, 24, and 48 h. to ensure the controlled decoration of Au nanoparticles. 

Subsequently, the surface morphology of Au decorated ZnO nanowires was confirmed 

using a field emission scanning electron microscopy (FESEM, Carl Zeiss, Merlin 

6073). Transmission electron microscope (TEM, TECNAI G2 instrument) with 

HRTEM was utilized to confirm the formation of single-crystalline ZnO nanowires 

and Au nanoparticles. The structural analysis was carried out using an X-ray 

diffractometer of Cu kα (λ = 1.54056 Å) (XRD, D8 advance, Bruker AXS). The 

chemical states and electronic structure of Au@ZnO nano-hetero-architecture were 

analyzed using an X-ray photoelectron spectrometer (XPS, Thermo Scientific Inc. Kα) 

with a microfocus monochromated Al Kα X-ray. The photoelectrochemical behaviors 

of working electrodes were tested using PEC three-electrode cell in 0.5 M Na2SO4 

electrolyte (pH of 6.8) at ambient conditions. The Au@ZnO nano-hetero-architecture 

was used as a photoanode, a Pt as a counter electrode, and Ag/AgCl as a reference 

electrode. Photocurrent data was obtained at a scan rate of 10 mV/s with a potentiostat 

(PERSTAT 3000, Princeton Applied Research, USA, and Metrohm Autolab, M 204) 

under illumination using a solar simulator (300 W xenon lamp) set with 1.5 AM. 
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Moreover, the photocurrent transient responses were recorded by illuminating the 

sample with 365 by applying a small bias 0.3 V to prevail the  ohmic  losses  in  the 

electrolyte and metal contacts. The Ultraviolet Photoelectron Spectra (UPS) was 

obtained from the Omicron energy analyzer (EA-125, Germany) at angle incidence 

photoemission spectroscopy (AIPES) beamline on Indus-1 synchrotron source at 

RRCAT, Indore, India. 

 

6.4 Field Emission Scanning Electron Microscopy 

The randomly aligned hexagonal nanowires, smaller than the diameter of ~ 200 

nm, were hydrothermally synthesized over ITO coated glass substrates. The surface 

morphological analysis of these hexagonal ZnO nanowires with clearly visible textural 

boundaries reported elsewhere [25] confirmed the average length and diameter of ~ 5- 

6 m and 120 nm, respectively. The diameter of the nanowires has decreased further 

along the wire growth direction and resulted in the tip like appearance with the tip 

diameter up to 30 nm. (Figure 6.1(a)). The hexagonal ZnO nanowires grown over ITO 

coated glass substrates were subjected further to decorate Au nanoparticles along the 

surface. The reaction time up to 48 h leads to the controlled growth of Au nanoparticles 

over the surface of ZnO nanowires. FESEM images in Figure 6.1 (a & b) depict the 

decoration of Au nanoparticles over the surface of ZnO nanowires after the reaction 

time of 12 and 48 h, respectively. The FESEM images confirmed the random 

alignment of ZnO nanowires forming the dense forest of the tree-like morphologies. 

Their respective high-magnification FESEM images in the insets show the decoration 

of Au nanoparticles long the surface of ZnO nanowires. The reaction time of 12 h 

resulted in the well-distributed uniform decoration of Au nanoparticles along the 

surfaces of all hexagonal ZnO nanowires (inset of Figure 6.1(a)). Although traces of 

insignificant agglomeration of Au nanoparticles have been observed seldomly along 

the surface of nanowires, no agglomeration has been found between the nanowires. 

The increase in the reaction time for 48 h has further increased the actual 

accumulation/decoration of Au nanoparticles in the ZnO nanowire array. The increase 

in the concentration of Au nanoparticles reflected in their agglomeration, not along the 

textural boundaries of ZnO nanowires, but at the bottom end and in between the ZnO 
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nanowires (inset of Figure 6.1(b)), giving an impression of forming the composites of 

Au nanoparticles and ZnO nanowires. 

 

Figure 6.1. FESEM images showing the decoration of Au nanoparticles over the ZnO 

nanowires at the reaction time of (a) 12 h. and (b) 48 h. The inset shows the (a) uniform 

decoration of Au nanoparticles along the facets of ZnO nanowires and (b) 

agglomeration of Au nanoparticles at the bottom of the ZnO nanowires array. 

 

6.5 Transmission Electron Microscopy 

The single ZnO nanowire decorated with Au nanoparticles for 12 h was 

extracted from the large area array to confirm the morphological feature of Au@ZnO 

nanowires. Figure 6.2 shows the surface morphology and crystalline nature of 

Au@ZnO nanowires obtained after the Au decoration of 12 h. The high magnification 

FESEM image (Figure 6.2(a)) shows the uniform decoration of Au nanoparticles along 

the hexagonal facets of ZnO nanowires without any agglomeration and/or altering the 

surface morphology of ZnO nanowires. Each Au nanoparticle decorated on the ZnO 

nanowires is nearly spherical with clearly visible textural boundaries. The diameter of 
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all the Au nanoparticles is ≤ 20 nm, with a limited variation of ~ 10 %. A statistical 

histogram of the distribution of the Au nanoparticle is shown in figure 6.2(b). The 

statistical histogram of Au nanoparticle distribution confirms that most nanoparticles 

are distributed in the range of 12-30 nm. However, the maximum number of Au 

nanoparticles are of diameter ~ 18-21 nm. The size distribution of Au nanoparticles 

fitted by log-normal size distribution function as follows [26] 

𝑓𝑁 (𝑥) = 
𝐴

 
𝑥𝜎√2𝜋 

𝑒𝑥𝑝 [− 
ln (𝑥⁄𝑥)2

] --(6.1) 
2𝜎2 

Where x is the size of Au nanoparticles; 𝑥 (= 19.03 ± 0.49 nm) is the mean size of the 

Au nanoparticles; A (= 227.37 ± 39.66) is the initial constant; σ (= 0.14 ± 0.04) is the 

standard deviation in the size of Au nanoparticles. The log-normal distribution of Au 

particle diameter is asymmetric. The smaller standard deviation of the diameter 

distribution (σ ≤ 0.25) confirms that the Au nanoparticles are well confined to the 

limited diameter range. 

Further, the Au@ZnO nanowires extracted from the large area array were 

examined to confirm the crystal structure and interface of Au nanoparticle and ZnO 

nanowire. Figure 6.2(c) reveals the crystal structure of both Au nanoparticles and ZnO 

nanowires for Au@ZnO nano-hetero-architectures obtained at the decoration time of 

12 h. The TEM image showed the decoration of the ZnO nanowire of the diameter of 

~ 100 nm with the Au nanoparticle of size ≤ 20 nm without any agglomeration. The 

high-resolution TEM image of the Au nanoparticle and the outer surface of ZnO 

nanowires in the upper left inset and lower right inset (Figure 6.2(c)) shows well 

defined independent lattice fringes for the highlighted portion of the Au@ZnO nano- 

hetero-architecture. The lattice fringes spacing of 0.23 nm obtained for the Au 

nanoparticles (upper left panel of Figure 6.2(c)) is assigned to the (111) planes of the 

cubic crystalline phase. The interplanar spacing of 0.28 nm obtained on the outer 

surface nanowire body is akin to the (002) plane of the hexagonal wurtzite crystalline 

phase of pristine ZnO nanorods and not too metallic Zn [15]. Neither a thin layer of 

Au along the surface of the ZnO nanowire body nor the alterations in the crystal 

structure of the ZnO nanowires observed after the decoration of Au nanoparticles. This 

confirms that the Au nanoparticles are attached to the surfaces and not incorporated 

deep inside the ZnO nanowire. 
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Figure 6.2. (a) High magnification FESEM image, (b) statistical histogram for 

diameter distribution of Au nanoparticles, and (c) TEM image of the portion of 

hexagonal ZnO nanowire with the uniform decoration of distinct Au nanoparticles 

extracted from large area array of Au@ZnO (12 h). The inset in the (c) shows the 

HRTEM image of Au nanoparticles (upper left inset) and ZnO nanowires (bottom right 

inset) of the area marked by circle and rectangle, respectively. 
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6.6 X-ray diffraction analysis 
 
 

Figure 6.3. X-ray diffraction pattern of (a) pristine and (b) Au nanoparticle decorated 

ZnO nanowires. 

 

Furthermore, the X-ray diffraction studies were performed on both pristine 

ZnO nanowires and Au@ZnO nano-hetero-architectures to confirmed the formation 

of pure and crystalline nanostructures. Figure 6.3 shows X-ray diffraction of pristine 

and Au decorated ZnO nanowires deposited over ITO coated glass substrate. The XRD 

in the upper panel of Figure 6.3 shows the sharp characteristics peaks at 2θ = 31.7⁰, 

34.4⁰, 36.2⁰, 47.6⁰, 56.6, 62.8⁰, 66.9⁰, 67.9⁰ and 69.0⁰ of the crystalline planes of (100), (002), (101), 

(102), (110), (103), (200), (112) and (201), for the hexagonal wurtzite crystal (JCPDS 

No.76-0704) assigned to the space group of P63mc with the lattice constant of a = 

3.253Å, b = 3.253Å and c = 5.213Å. Moreover, additional peaks identified by asterisks 

(*) at 2θ = 30.3⁰, 35.2⁰, 50.6⁰, and 60.2⁰ are assigned to the 
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crystalline planes of (222), (400), (441) and (622), respectively, for the ITO (JCPDS 

No: 39-1058, Space group: I213). This confirms the formation of randomly oriented 

pristine ZnO nanowires without any impurity or defects. The XRD pattern of 

Au@ZnO in the lower panel (of Figure 6.3) obtained for 12 h Au decoration is akin to 

that of the pure ZnO nanowires provided in the upper panel, except the appearance of 

the prominent peak at 2θ = 38.1o, which was absent in pristine ZnO. This peak is 

assigned to the (111) plane of cubic crystalline Au nanoparticles. Overall, XRD spectra 

showed a resemblance with the above-discussed TEM analysis, which reconfirms that 

the decoration of Au long the surface of hexagonal ZnO nanowires has not 

incorporated inside the nanowire body or altered the crystalline form of the ZnO 

nanowires. 

 

6.7 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) employed for the qualitative 

investigation of electronic structures, chemical composition, and oxidation states of 

Au@ZnO. Figure 6.4 shows the high-resolution XPS spectrum of the core levels of 

the Zn(2p), O(1s), and Au(4f) recorded for the ZnO nanowires after the decoration of 

Au nanoparticle for 12 h. reaction time. All the spectra of the core-levels were 

decomposed via the Voigt curve fitting function within the Shirley background. Figure 

6.4(a) illustrate Zn(2p) XPS spectra of Au@ZnO illustrate perfect fit for two distinct 

peaks of Zn(2p3/2) and Zn(2p1/2) located at the binding energy of 1020.9 (0.1) and 

1043.9 (0.1) eV, respectively, pertain to Zn+2 cations [4,15]. Moreover, the observed 

spin-orbital splitting in Zn (2p) energy level, Zn(2p) split into of binding energy 

separation of 23.0 eV between the Zn(2p3/2) and Zn (2p1/2) core levels reflect the 

presence of oxidized Zn (i.e., ZnO) and not metallic Zn (i.e., Zn0) [25]. Figure 6.4(b) 

illustrates the deconvolution of O(1s) XPS spectra, with two separate peaks at the 

binding energy of 529.76 (± 0.1) and 531.30 (± 0.1) eV. The peak at 529.76 eV pertains 

to O2- anion presence and the existence of surface contamination, i.e., hydroxyl type 

oxygen anion adsorbed on the surface of Au @ ZnO nanowires reflected from the peak 

at 531.30 [27]. The Au(4f) XPS spectra of Au @ ZnO were recorded to confirm the 

effect of Au decoration on the stoichiometry of the ZnO nanowires. 
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Figure 6.4. High-resolution XPS spectra of (a) Zn(3p) (b) O(1s) and (c) Au(4f) core 

levels Au@ZnO nano-hetero-architecture obtained at the reaction time of 12 h. The 

XPS spectra were deconvoluted via the Voigt curve fitting function within the Shirley 

background. 
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Figure 6.4(c) shows the high-resolution XPS spectra of core levels Au(4f) 

accompanied by the core levels Zn(3p). The deconvolution confirmed the presence of 

four distinct peaks assigned to the double peak features of Zn(3p3/2) and Zn(3p1/2) for 

Zn(3p) and Au(4f7/2) and Au(4f5/2) for Au(4f). The two peaks located at 88.3 ( 0.1) 

and 90.7 ( 0.1) eV with energy separation of 2.4 eV confirm the exitance of Zn(3p3/2) 

and Zn(3p1/2) core levels of Zn2+ cations [28]. However, the other two peaks at a 

binding energy of 82.9 ( 0.1), and 86.6 ( 0.1) eV separated with an energy of 3.7 eV 

reflects the Au(4f7/2) and Au(4f5/2) core levels of pure metallic Au exclusively. The 

blue shift of 1.6 eV in the position of Au(4f7/2) and Au(4f5/2) core levels observed after 

the decoration of Au on the surface of ZnO nanowires than that of the Au doped 

compounds [29] revealed the existence of pure metallic Au nanoparticles over the 

surface of ZnO nanowires and not of chemically reacted Au. It also indicates the strong 

exchange of electrons between the ZnO nanowires and Au nanoparticles [30]. Detail 

explanation of the reaction-time dependent variation in the amount of decoration of 

Au nanoparticles along the surface and within the array of ZnO nanowires is provided 

elsewhere [28]. 

 

6.8 Photoelectrochemical analysis 

The photoelectrochemical (PEC) measurements were performed to confirm the 

effect of decoration of Au nanoparticles along the surface on ZnO nanowires in the 

PEC water splitting from the nano-hetero-architecture of Au@ZnO. Figure 6.5 shows 

PEC measurements performed in the 0.5 M Na2SO4 electrolyte under simulated solar 

light illumination. Figure 6.5(a) shows the linear sweeps measurements for pristine 

and Au decorated ZnO nanowires at a scan rate of 10 mV/s in the 0.5 M Na2SO4 

electrolyte. The photocurrent density was negligible in dark conditions. However, after 

illumination, it has increased significantly, which extensively improved further for Au 

nanoparticles decorated ZnO nanowires. Especially, Au@ZnO nano-hetero- 

architectures obtained after the decoration of Au nanoparticles for 12 h gained 

maximum photocurrent density than those obtained for 8, 24, and 48 h. The 

photocurrent at zero bias is relatively similar for pristine and controlled Au decoration 

over ZnO nanowire, except Au@ZnO nano-hetero-architecture of 12 and 24 h reaction 
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time, which delivering photocurrent of 0.41 and 0.29 mA/cm2, respectively. Moreover, 

the photocurrent density has linearly enhanced further with the increase in the applied 

potential. The photocurrent density of 0.424 mA/cm2 observed at an applied bias of 

1.5 V (vs. Ag-AgCl) in the dark has improved to 1.204 mA/cm2 for pristine ZnO 

nanowires, which increased further to 1.693 mA/cm2 after the decoration of Au 

nanoparticles for 8 h and gained maximum photocurrent density of 3.313 mA/cm2 for 

12 h (i.e., Au@ZnO 12 h). Further increase in the amount of Au decoration after a 

reaction time of 24 and 48 h has resulted in reduced photocurrent density to 2.375 

mA/cm2 and 0.271 mA/cm2, respectively. The Au@ZnO nano-hetero-architectures 

consisting of homogeneously decorated Au nanoparticles delivered an 8-fold increase 

in the photocurrent density. These values of photocurrent density of Au@ZnO nano- 

hetero-architectures are comparatively better than the Au nanoparticle decorated 

branched ZnO nanowires array [17], TiO2 nanowires decorated with Au nanoparticles 

[20], Au nanoparticles decorated over WO3 thin films [22], the core-shell structure of 

ZnO nanowires decorated with TiO2 nanoparticles [19], TiO2 nanotubes coupled with 

Au nanocrystal [21]. Moreover, the photocurrent density has not reached its saturation 

values for pristine, and Au decoration ZnO nanowires at an applied bias of 1.5 V. The 

enhanced absorption of visible light and efficient transfer of the electron at the 

interface of Au and ZnO might be the reasons to attribute for to the increase in the 

photocurrent density of Au@ZnO nano-hetero-architectures. Likewise, the enhanced 

photocurrent density for 12 h reaction shall be assigned additionally to the effective 

local surface plasmon and collective photon harvesting [5]. Further, the 24 and 48 h 

decoration of Au provided relatively more Au nanoparticles in the array. The 

maximum number of Au nanoparticles were agglomerated not along the textural 

boundaries of ZnO nanowires but at the bottom end and in between the ZnO 

nanowires. Which might have hindered the absorption of light, blocked the plasmonic 

effect of most of the Au nanoparticles, and easy access of the electron at the Au-ZnO 

interface. 

 

 

 

 

 

 

 

138 



 

Figure 6.5. PEC performance of pristine and Au decorated ZnO nanowires. (a) 

Photocurrent densities vs. potential (J-V) curves acquired for under dark, and light 

illumination condition, (b) the applied bias to potential conversion efficiency (ABPE 

%), (c) electrochemical impendence spectra, and (d) time-dependent photocurrent 

density measurements of pristine and Au decorated ZnO nano-hetero-architectures. 

 

The effect of the Au decoration in the PEC efficiency of Au@ZnO nano- 

hetero-architectures illustrated from the applied bias photon-to-current efficiency 

(ABPE) of pristine and Au decorated ZnO nanowires estimated by 

J(
 mA 

)×(1.23−|Vapp |)(V) 

ABPE (%) = cm2 
P (

mW
)
 
 

× 100 --(6.2) 

light   cm2 

Where J is the observed photocurrent density, |Vapp| is applied a potential to gain the 

photocurrent (i.e., J), Plight is the power density of the light source, and 1.23 V is the 

standard reversible potential for water. Figure 6.5(b) shows the potential dependent 

ABPE values estimated for pristine ZnO nanowires and Au@ZnO nano-hetero- 

architectures. The ABPE value of 0.16 % observed under illumination for ZnO 
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nanowires has improved further after Au decoration. The Au@ZnO nano-hetero- 

architecture with 12 h reaction time delivered a maximum ABPE value of 0.59 %, 

which is approximately five-fold higher than then pristine ZnO nanowires. The 

reaction time of 8, 24 and 48 h of Au@ZnO nano-hetero-architectures delivered ABPE 

of 0.27 %, 0.40 % and 0.15 %, respectively. Moreover, the improved current density 

and ABPE of Au@ZnO (12 h) nano-hetero-architecture are significantly similar to Au 

NP’s coupled BiVO4/SnO2 (≡ 0.39 %) [31], TiO2@rGO@Au (≡ 0.38 %) [32], Au 

sensitized ZnO nanorods@ nanoplates (J = 0.06 mA/cm2 & 0.69 %) [33], and Ag 

decorated ZnO nanorods (J = 0.32 mA/cm2 & 0.53 %)[34], but are relatively larger 

than BiVO4 (J = 0.5 mA/cm2 & 0.3 %) modified with Ag metal (J = 1.7 mA/cm2 & 

0.5 %) [35], BiVO4  nano-warm morphology (≡ 0.002 %) [36], Au decorated TiO2 

nanorods [20], Sandwich structure ZnO/ZnS/Au (J = 0.58 mA/cm2 & 0.21 %) [37], 

and Au functionalize ZnO nanowires (J = 0.75 mA/cm2 & 0.13 %) [38]. 

The electrical properties, textural boundaries, and core of the nanostructures, 

play a dominating role in the photoelectrochemical activities, along with the amount 

of materials utilized as a catalyst. Therefore, the electrochemical impedance 

spectroscopy was used to understand their effect on the charge transfer of 

photoelectrodes. Typical Nyquist plots of pristine and Au decorated ZnO nanowires 

in the 0.5 M Na2SO4 electrolyte solution at a potential of 0.1 V (vs. Ag-AgCl) is shown 

in Figure 6.5(c). All the EIS spectra for ZnO nanowires and Au@ZnO nano-hetero- 

architectures showed semicircular arc with various diameters confirming the variation 

in the charge transfer resistance at the semiconductor-electrolyte interface. The larger 

semicircular spectra of ZnO nanowires reduced further with an increase in the amount 

of Au decoration over it, which indicates the larger resistance at electrolyte interface 

offered by ZnO nanowires than that of Au@ZnO nano-hetero-architecture. The 

amount of metallic Au decorated along the surface of ZnO nanowires acted as a better 

electron source assisting ZnO nanowires and reflected in reduced diameter of the 

semicircle with more Au decoration. The reduction in the resistance evidence a faster 

charge transfer rate from the photoelectrode to the electrolyte after the decoration of 

Au nanoparticles over the ZnO nanowires. The lowest semicircular arc for 48 h 

decoration time of Au@ZnO nano-hetero-architectures indicates lower resistance due 
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to the high density and accumulation/agglomeration of Au nanoparticles, which 

contribute to increased concentration of photogenerated electron at the interface of 

photoelectrode. However, the lowest photocurrent density observed for Au@ZnO 

nano-hetero-architecture with Au decoration of 48 h is an interesting contradiction 

with the EIS measurements. Although the higher concentration of Au furnishes higher 

photoelectron generation, the corresponding self-blocking of photoelectrons by 

metallic Au nanoparticles contributes to faster recombination [5], and hence, the lower 

photocurrents even after their lowest resistance. 

The photocurrent measurements of Au@ZnO hetero-architectures were carried 

out under visible light illumination with continuous ON/OFF cycles of 30 sec. Figure 

6.5(d) depicts photocurrent densities measured at 3 V (vs Ag/AgCl) for continuous 

cycles of 360 sec. The photocurrent density of 0.02 A/cm2 is observed for pristine ZnO 

nanowires, which is further enhanced after the controlled declaration of Au 

nanoparticles. The maximum photocurrent density of 1.04 A/cm2 observed for the 

decoration of Au nanoparticles for 12 h over the ZnO nanowires is a 52-fold increase 

than that of pristine ZnO nanowires. The optimal repeatability/stability with negligible 

reduction of the photocurrent for various ON-OFF cycles is in consonance with the 

CoNi@ZnO core-shell structures [39], sol-gel driven core-shell structure of 0D TiO2 

nanoparticle over 1D ZnO nanowires [19], Au nanoparticle decorated WO3 thin films 

[22], and Au loaded branched ZnO nanowires [17]. The well-controlled declaration of 

Au nanoparticles along the textural boundaries of ZnO nanowires has delivered a 

larger photocurrent density than the Au decorated branched ZnO nanowires 

synthesized by chemical route [17]. The photocurrent density has reduced with a 

further increase in the Au decoration time to 24 and 48 h. The variation in the 

photocurrent density is attributed to the generation and recombination of photo 

electron-hole pairs. The even distribution and agglomeration of Au nanoparticles in 

the array of ZnO nanowires might have self-blocked photo-generated electron-hole 

pairs and further reduced the photocurrent generation. 
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6.9 Ultraviolet Photoelectron Spectra 
 

Figure 6.6. UPS valance bands spectra utilized to evaluate the Fermi energy level of 

Au@ZnO nano-hetero-architecture. 

 

The Fermi energy levels of hetero-architectures consisting of metallic Au 

nanoparticles and semiconducting ZnO nanowires attain equilibrium and assists in the 

easy electron transfer after illumination. Therefore, the Fermi level of Au decorated 

ZnO hetero-architectures is estimated from Ultraviolet Photoelectron Spectra (UPS) 

recorded at an energy of 23 eV. The apparent changes in the shape of the valance band 

spectra of pristine and Au nanoparticle decorated ZnO nanowires showing two distinct 

peaks of nonbonding O(2p) orbital and hybridization of the O(2p) and Zn(4s) orbital 

is reported elsewhere [25,28]. The decoration of Au nanoparticles along the ZnO 

nanowires has resulted in a reduction in the work function from 4.9 to 4.3 eV [25,28], 

where the Fermi energy of Au@ZnO hetero-architecture is ~ 2.74 eV (±0.1 eV) 

(Figure 6.6). Therefore, easy electron transfer is expected from Auto ZnO at the 

interface of the Au@ZnO nano-hetero-architecture. The Schottky barrier height at the 

Au/ZnO interface can be tailored by altering the dimensions of the Au nanoparticles 

[40, 41]. However, in the present case, the decorated Au nanoparticles are confined to 

the uniform diameter of 20 nm to understand the effect of Au concentration along the 

ZnO nanowires (i.e., Au@ZnO) in the enhancement of photoelectrochemical 

activities. 
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6.10 PEC charge-separation mechanism 
 

Figure 6.7. Schematic representation of (a) the PEC device, (b) the charge-separation 

mechanism of typical Au decorated ZnO nano-hetero-architecture. A single ZnO 

nanowire decorated with Au nanoparticles is shown on the right side of (a). 

Figure 6.7(a) shows the schematic representation photo-electrochemical cell 

consisting of large-area arrays of Au@ZnO nanowires grown over the ITO coated 

glass as an active photoelectrode and Pt electrode as a reference electrode. Under the 

light illumination, the incident photon energy absorption at the pristine ZnO nanowire 

excites the electrons of the valence band to the conduction band by leaving a hole 

behind and contribute to the reduction process at the Pt electrode, whereas the leftover 

holes during the process participate in the oxidation reaction. The decoration of Au 

nanoparticles assists this process of ZnO nanowires. The electron transfer mechanism 

of the Au@ZnO photoanode assisting the PEC water splitting under light illumination 

is schematically represented in Figure 6.7(b). The large bandgap of the ZnO relatively 

hamper the electron-hole pair formation and further restrict the photocurrent density 

and photo-electrochemical performance [42]. However, Au being the larger electron 

source, facilitates efficient charge separation by capturing the photo-generated holes, 
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leaving electrons in ZnO. The holes will be quenched subsequently by a sacrificial 

hole trap. Because the majority of electrons are generated close to the surface without 

recombination, and they will reduce hydrogen ions in the aqueous solution by forming 

hydrogen gas. The uniform decoration of Au nanoparticles along the ZnO surface for 

12 h reaction time might have significantly captured the photo-generated holes of ZnO. 

But further agglomeration of Au nanoparticles could not improve this process of hole 

capturing. 

 

6.11 Conclusions 

In conclusion, we have demonstrated the utilization of a large area array of 

Au@ZnO nano-hetero-architectures for efficient photoelectrochemical performance. 

Hexagonal ZnO nanowires synthesized by the hydrothermal method were subjected to 

the formation of Au@ZnO nano-hetero-architectures under controlled Au decoration 

time. The 12 h reaction time has resulted in the uniform decoration of Au nanoparticles 

along the surface of ZnO nanowires, a further increase in the reaction time ensued their 

agglomeration in the array of ZnO nanowires. The TEM and XRD analysis confirmed 

that the cubic crystalline Au nanoparticles were decorated on the hexagonal wurtzite 

ZnO nanowires under controlled reaction time. The well spherical and uniformly 

distributed Au nanoparticles effectively improve the light-harvesting capability 

resulting in an enhancement in solar-driven photoelectrochemical (PEC) water 

splitting performance. The 0D Au @ 1D ZnO obtained after 12 h decoration has 

conceived a maximum photocurrent density of 1.04 mA/cm2 and ABPE value of 0.59 

%, which is 52-fold and 5-fold higher than pristine ZnO nanowires, respectively. In 

the case of Au@ZnO-12 h nano-hetero-architectures, the controlled homogeneous 

dispersion of Au nanoparticles along the surface of ZnO nanowires has altered the 

Fermi energy position, and expedited injection of hot electrons from the SP state of 

Au into the conduction band of ZnO might be the reason to deliver the enhanced 

photocurrent density. 
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Chapter 7 

Summary and Conclusions 

 
 
 
 
 
 
 
 
 

This chapter includes the summary and conclusion of the thesis. 

I have briefly discussed the outcomes of my research work 

explained in chapters 3 to 6. At the end of this chapter, I have 

discussed the future scope to continue this work. 
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7.1 Summary and Conclusions 

ZnO nanostructure morphologies are explored to control electronic properties 

for their potential exploration in multifunctional applications. The larger work 

function (i.e., 5.3 to 5.6 eV), limited vertically aligned morphological forms, and field 

screening effect from uncontrolled dispersion of ZnO left with the alternative of 

modification in the geometry, induction of impurities, and decoration of metal 

nanostructures for applications in field emission. Likewise, high working temperature 

(i.e., 300-500 oC) induces secondary grain growth caused instability, inaccuracy, high 

power consumption, and lack of durability in the sensing mechanism of ZnO. 

Therefore, reducing the operating temperature range of ZnO nanostructures for 

sensing the flammable and toxic gases in the detection safety limit of 50 ppm was a 

critical challenge. Moreover, besides better intrinsic stability, faster charge mobility, 

efficient electron transformation, eco-friendly character, and high photo corrosion 

resistance, the ZnO nanostructures asked for doping or decorating noble metal 

particles to improve light absorption and photocurrent density for enhanced PEC 

performance. Therefore, my efforts were directed towards the synthesis of well- 

defined hierarchical growth of the sharp tip featured morphologies of ZnO, and the 

formation of its controlled nano-hetero-architectures with the Au nanoparticles, for 

applications in field emission, gas sensors, and PEC water splitting. 

The hierarchical morphologies of ZnO nanowires were synthesized over a 

large area on ITO coated glass substrates at an optimized reaction time of 12 h. and 

temperature of 85 oC utilizing a hydrothermal approach. The 0D Au nanoparticles of 

uniform dimensions were synthesized under a controlled temperature of 98 oC using 

the citrate reduction method. The independently synthesized ZnO nanowires and Au 

nanoparticles were subjected to the formation of their nano-hetero-architectures. As- 

synthesized ZnO nanowires arrays were reacted with Au nanoparticles for 2, 4, 8, 12, 

24, and 48 h to ensure the controlled decoration of Au nanoparticles. The spitzer 

shaped 1D hexagonal ZnO nanowires synthesized in the hierarchical form on ITO 

coated glass substrates. The ZnO nanowires of average diameter ~ 120 nm and length 

of ~ 5-6 μm, which were further decorated with the 0D Au nanoparticles of the average 

diameter of ~ 20 nm to form heteroarchitectures. These 1D ZnO nanowires and 0D 
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Au@1D ZnO nano-heteroarchitectures were characterized methodically to understand 

their morphological, structural, chemical, and electronic properties. The observations 

on the field emission and gas sensing behavior of ZnO and field emission and PEC 

water splitting of 0D Au@ 1D ZnO nano-heteroarchitectures are thoroughly discussed 

in Chapter 3, Chapter 4, Chapter 5, and Chapter 6, respectively. Following is a 

summary of my observations. 

 

Figure 7.1. FESEM image of spitzer shaped ZnO nanowires (left panel) and their 

schematic band diagram (right panel) 

 

Spitzer shaped ZnO nanowires arranged like the forest of well separated and 

periodically organized Christmas trees (Figure 7.1 left panel). The spitzer shaped 1D 

hexagonal ZnO nanowires of truncated and very sharp pointed tips resulted in a smaller 

work-function of 4.9 eV. The reduced work function of ZnO nanowires provided a 

significantly smaller barrier for direct emission of an electron toward the emission site 

(Figure 7.1 right panel) and contributed to the lowest turn-on field of 

1.56 V/µm and stable electron emission (i.e., average current fluctuations of ± 5 %). 

These ZnO nanowires hold capabilities to reduce the work-function further and 

improve the electron emission, as well to expand other functionalities for various 

applications after controlled designing of nano-hetero-architecture with metals or high 

conducting materials. 
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Figure 7.2. Sensing mechanism of hierarchically arranged ZnO nanowires (upper 

panel) and their DFT analysis (lower panel). 

 

The larger surface area and increased point contacts of hierarchically arranged 

ZnO nanowires in the form of well-constituted Christmas trees (Figure 7.2 upper 

panel) delivered excellent sensing performance in the detection safety limits of 50 ppm 

for CO, C2H5OH, and NH3 gases at relatively lower operating temperatures of 100 oC. 

The ZnO nanowires provided 29 and 98 % response for CO and C2H5OH, respectively, 

but the maximum sensing response of 115 % was recorded for toxic NH3 gas. 

Furthermore, ZnO nanowire delivered a faster response and recovery time of 27 and 9 

sec, respectively, for 50 ppm NH3 at the temperature of 100 oC, which is better than 

the variety of pristine, defect controlled, and doped ZnO nanostructures. The 

experimental observations agree with complementary DFT calculations, which predict 

the order of gas molecules binding strength to be CO < C2H5OH < NH3 (Figure 7.2 

lower panel). The excellent sensing response of hierarchical hexagonal ZnO nanowires 

is ascribed to the well defined hexagonal morphology, clearly visible textural 

boundaries, single-crystalline nature, and well interconnections of the nanowires 
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owing to hierarchical morphology. The 1D ZnO nanowires hold great potentials for 

further improvement in the sensing performance after forming tunable hetero- 

architectures with metal nanoparticles. 

 

 
Figure 7.3. FESEM images of Au nanoparticles decorated (left panel) spitzer shaped 

and tipped ZnO nanowires (right upper panel), and their schematic band diagram (right 

lower panel) 

 

The controlled nano-hetero-architectures of Au nanoparticles decorated 

(Figure 7.3, left panel) spitzer shaped and tipped ZnO nanowires (Figure 7.3, right 

upper panel) resulted in a lower work-function of 4.3 eV (right lower panel). 

Au/ZnO/ITO emitters have significantly reduced Eon to 0.96 V/µm and showed highly 

stable electron emission (with current fluctuations of ± 4 %) of the electron, besides 

larger emission current density of 2.1 mA/cm2 at a lower applied field of 1.92 V/µm. 

The decoration of Au along the surface of ZnO nanowires dramatically increased the 

density of state and reduced work function for a reaction time of 24 h, which induced 

almost all emitted electrons to transfer quickly towards the emission sites, is 

responsible for the enhancement in FE behavior and reduction in Eon (Figure 7.3, right 

lower panel) The tunable nano-hetero-architecture of Au decorated ZnO nanowires of 

sharp-tip morphology have the potential to be a promising candidate for applications 
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in field electron emission based vacuum micro/nano-devices including flat-panel 

displays and intense point electron source. 

 

Figure 7.4. TEM images of Au nanoparticles decorated ZnO nanowires (left and right 

upper panel) and their schematic band alignment (lower left panel) 

 

The well spherical Au nanoparticles uniformly distributed on the hexagonal 

wurtzite ZnO nanowires under controlled reaction time have effectively improved the 

light-harvesting capability and resulted in an enhancement in solar-driven PEC water 

splitting performance. Au@ZnO nano-hetero-architecture of uniformly decorated Au 

nanoparticles along the surface of ZnO nanowires (Figure 7.4, right upper panel) 

evidence the surface attachment and not chemical reaction of Au with ZnO at the 

interface nanowires (Figure 7.4, left panel). The 0D Au @ 1D ZnO obtained after 12 

h decoration has conceived a maximum photocurrent density of 1.04 mA/cm2 and 

ABPE value of 0.59 %, which is 52-fold and 5-fold higher than pristine ZnO 

nanowires, respectively. In the case of Au@ZnO-12 h nano-hetero-architectures, the 

controlled homogeneous dispersion of Au nanoparticles along the surface of ZnO 

nanowires has altered the Fermi energy position, and expedited injection of hot 

electrons from the SP state of Au into the conduction band of ZnO might be the reason 

to deliver the enhanced photocurrent density (Figure 7.4, right lower panel). 

 

7.2 Future Scope 

The present studies involve the synthesis, characterization of 1D hexagonal 
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ZnO nanowires, and 0D Au@ 1D ZnO nano-heteroarchitecture for applications field 

electron emission, gas sensor, and PEC water-splitting. Nevertheless, this methodical 

and thorough investigation leaves the scope for exploring the doping and decoration 

of various metal nanostructures with the ZnO or other related metal oxides, such as, 

a) Study the effect of various dimensions and morphologies of Au 

nanoparticles on the performance of ZnO nanowires. 

b) Study the effect of decoration of different metal nanoparticles (Ag, Pt, and 

Pd) over the ZnO nanostructure in the field electron emission, gas sensing, 

and PEC water splitting behaviors. 

c) Study the effect of doping of metals in the ZnO nanostructures. The effect 

of doping would be interesting in field emission and gas sensing 

performance. 

d) A comparative study on the effect of doping or decorating Au nanoparticles 

on the sensing and emission performance of various metal oxides. 
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